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A novel silver and vanadium co-doped titanium dioxide (Ag, V-TiO2) photocatalyst was achieved 
by a simple sol-gel hydrothermal method. The co-doped Ag, V-TiO2 photocatalyst exhibited high 
photocatalytic activity as compared to synthesised titanium dioxide (TiO2), silver doped titanium 
dioxide (Ag-TiO2) and Vanadium dope titanium dioxide (V-TiO2). The co-doped Ag, V-TiO2 
illustrated a shift in the absorption edge, enhancing the visible light absorption capacity. The optical 
absorption of co-doped Ag, V-TiO2 achieved a reduced band gap energy (Eg) of 2.2eV as compared 
to Ag-TiO2 (2.8eV) and V-TiO2 (2.3eV), while TiO2 obtained a band gap energy of 2.9eV.  The co-
doped photocatalyst inherited morphological and structural compositions that depicted the lattice 
fringes for both anatase and rutile in its crystalline phase. This analysis was in good agreement with 
results obtained by X-ray diffraction (XRD) characterisation techniques. Co-doped Ag, V-TiO2 
showed excellent photocatalytic abilities under visible light irradiation. The degradation of 
Methylene blue (MB) was achieved within the first 15min. The kinetic study for the degradation of 
(MB) followed the pseudo-first order reaction. More interestingly, it was found that the 
photocatalytic degradation performance had a direct relation with the intensity plane ratio 
corresponding to [101] / [110]. The effects of co-doping showed a shift in spectrum to the visible 
light region. This was evident in the study of binding energies presented by X-ray photoelectron 
spectroscopy (XPS). Thus, the effects of co-doping TiO2 showed achieving well desirable reduction 
in the band gap energy and enhancements in the photocatalytic activity, reporting excellent removal 
rates of 99.33%. 
The evaluation of photocatalytic degradation of pollutants in water from River water in Limpopo 
(Mathibeng) and Mpumalanga Witbank (Ezinabeni) gave a clear indication that the synthesized Ag, 
V co-doped TiO2 photocatalyst was effective in removing nitrate, nitrites, humic substance, 
aromatics, Trihalomethanes (THM) and organic concentration. Furthermore, the GC-MS analysis of 
the water samples proved the organic pollutants removal with a removal efficiency of 77.84%.  
These finding open up a solution for the treatment of surface and river water where the concentration 
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1.1 General Remarks  
Chapter 1 aims at providing a brief descriptive introduction to the investigative study. The 
importance of water and its purification, identifies the role of photocatalysis in removing pollutants 
in water are presented. This study attempts to remove pollutants from water samples proposed as a 
means to providing alternative water treatment techniques. Furthermore, in this section the research 
significances, aim and objectives of the study are addressed and presented to give more detailed 
description of the research study.    
1.2 Introduction 
Water scarcity mainly described as the imbalance between availability of water and its demand. 
Throughout the world water shortages has become a great challenge. Water scarcity has already 
affected the world at large. The demand and usage of water has grown at more than twice the rate as 
compared to human population growth. Water shortages are mainly driven by factors such as, rapid 
industrial growth, population growth, droughts and excessive agricultural usages. More than a billion 
people worldwide lack access to fresh and safe drinking water. While, others also lack proper 
sanitation. The rapid growth in water scarcity has scared the face of the earth leaving along increased 
child deaths which continuously rise annually as a result of diseases transmitted through unsafe 
drinking water streams. 
Nevertheless, global statistics addressing these issue predict that increases in the future are inevitable. 
The continuous discharge of pollutant into natural water bodies, further stresses on the availability 
of fresh water streams. One of the biggest challenges due to discharges into fresh water stream is the 
emergence of micro-pollutants finding their way into fresh water streams. This challenge presents 
current and future problems, which in turn poses human challenges affecting their well-being. This 
concern is seen to be a high factor in developing countries[1]. 
Nano-technological advances could be the answer to solving water pollution which is one of the 
reasons for water scarcity. The introduction of the technology in water treatments could minimise 
the challenges faced by conventional systems, such as degradation of refractory pollutants which 
conventional treatment method are unable to eliminate.  
In an attempt, a modelled visible light driven photocatalysts has been modelled for the removal of 
organic pollutants in water from two regions in South Africa, Limpopo and Mpumalanga. This study 
2 
 
is presented in this dissertation. Water delivery and maintenance is a big challenge for these areas in 
South Africa. This problem has cause much discomfort in the quality of water available in these two 
regions. Water delivery in these regions is deemed sporadic and unreliable[2]. Common challenges 
are addressed, as well as water availability in these regions. It is seen that there is a high formation 
of nitrates, fluorides, chlorides, Total Dissolved Solid (TDS) and microbiological species. They are 
mainly causes of health risks in these communities, and it is one of the leading causes of child 
mortality. Thus, causing diarrheal and cancer risks[3]. 
The study attempts to reduce and eliminate pollutants in water. A well-defined visible light driven 
photocatalyst was achieved through the synthesised co-doped titanium dioxide (TiO2) semiconductor 
with transition metals such as silver and vanadium. TiO2 has been selected as a photocatalyst due to 
its high photo-reactive response. A co-doped TiO2 photocatalyst will be synthesised and studied in 
the degradation of pollutant in water. 
1.3 Research Significances 
 
TiO2 is by far the most promising semiconductor in the field of photocatalysis [4]. This 
semiconductor has a high photo reactive response. It is biological and chemically inert and very photo 
stable. There are a few disadvantages that limits its uses, such as charge carrier recombination, wide 
band gap, and its ultra violet (UV) light spectrum absorption. The photocatalytic activity is altered 
and influenced by the crystal structure, surface area, size distribution, porosity, band gap, and surface 
hydroxyl group[5]. The study follows from Sakthivel et al. which looked into the enhancement of 
photocatalytic activity by metal deposition[6].  
Photocatalytic activity is depended on the light irradiation, such as solar energy. The modification of 
TiO2 by co-doping with the transition metals increases the activity of TiO2 under visible/ solar light 
irradiation[7]. 
Co-doping TiO2 has increased attention by narrowing the band gap to produce the visible light 
induced photocatalysis. Thus, the band gap of semiconductors and the location of the conduction 
band (CB), can be modified to meet the requirements for the light absorption and the 
oxidation/reduction purpose [8]. Tripathi et al, stated that reducing the optical band gap enhances the 
visible light absorption, increasing the electron-hole recombination[9]. Furthermore, the charge-
carrier recombination can be reduced by separation of electrons and holes which can be achieved by 
doping with transition metals such as silver (Ag) and platinum (Pt)[9]. This study presents the effects 
of co-doping TiO2 with (Ag) and Vanadium (V), and to modify light absorption edge which directly 
improves the photocatalytic activity of the photocatalyst in removing pollutants in water. 
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1.4 Research Problem Statement  
Fresh water resources in South Africa has become excessively polluted with a variety of organic, 
inorganic and microbial pollutants. Industrial and pharmaceutical pollutants are particularly the most 
concerning, as most of its chemical toxicity is exposed and discharged into natural water streams[10]. 
These pollutants alter the metabolic biota of living organisms which can cause serious biochemical 
changes which eventually led to death. Furthermore, over the years the rise in antibiotic resistance 
bacteria has posed serious threats on human health, aqueous life, living organisms, and the 
environment. Water pollution has become one of the biggest challenges globally. It has also been 
seen that effluents from water treatment plants have become the primary source of these 
pollutants[11].  
Odiyo and Makungo have addressed some of the challenges in water management, subjected to rural 
areas of Limpopo, South Africa [12]. Water quality is marginally or poor for domestic usages. 
Furthermore, they indicated that the main problem that the provinces faces is the high formation of 
nitrates, fluorides, chlorides, TDS and microbiological species found in water[12]. 
Water services delivery is performed by eleven water service authorities in the Limpopo province 
via sixty four drinking water supply systems[13]. The main water supply services in the province are 
Magalies and Lepelle water service boards. Water delivery in these regions is said to be sporadic and 
unreliable, while water quality reveals to be poor and less responsive to breakdown maintenance. 
These malfunction that occur are a result of poor service delivery, which has resulted to consumers 
to use alternative water streams such as surface water[13]. Pollutions in these water streams affect 
the quality and impact of public health. These rural areas have become dependent directly on 
untreated water from rivers, boreholes, springs and rainwater harvesting[14]. This occurs negatively 
impacts the community, rising health issues such as acute dirrhea, and dental fluorosis, which are 
because of significant levels of fecal coliforms and florides, respectively[15]. 
In addition, the Mpumanlanga province faces challenges of high acid mine drainage. Most of the 
pollutants found in water are a result of high industrial discharge into water streams[16]. Water 
service delivery in the area is performed by nineteen water service authorities via eighty drinking 
water supply systems. Discharge from industries in this area has serious concerns on the environment, 
which induced obstacles particularly for long term sustainability for water supply and environmental 
health[16]. Most of the water supply in Mpumalanga has under gone deterioration. Thus, sudden 
drops in pH, accompanied by elevated levels of iron, aluminium, manages and sulphates renders 
water toxicity and unsuitable for human consumption[17].     
4 
 
1.5 Aims and Objectives 
1.5.1 Aim  
The aim of the study is to investigate the utilisation of the photocatalytic ability of Ag, V co-doped 
TiO2 in the removal of pollutants in water under visible light irradiation. The photocatalyst will act 
as a water treatment agent in removing pollutants found in surface water from the provincial regions 
of Limpopo (Mathibeng) and Mpumalanga (Ezinambeni), South Africa. 
1.5.2 Objectives 
 To synthesis a visible light driven Ag, V co-doped TiO2 photocatalyst that will eliminate 
pollutants in water. Employed by sol-gel hydrothermal method. 
 Employ characterisation techniques to analyse the morphology, surface area, absorbance, 
crystallinity, phase ratio, binding energy, and energy band gap. 
 The application and evaluation of Methylene Blue (MB) removal as a model pollutant by 
photocatalysis under visible light irradiation. 
 Evaluation of prepared photocatalysts for the treatment of surface water samples from 
Limpopo and Mpumalanga, South Africa. 
1.6 Structure of Dissertation  
1. Chapter 1: Introduction  
In this section a detailed background will be discusses in the dissertation. This chapter identifies the 
problem statement, research significance relating to the study. The purpose of the research is 
proposed in this section which is giving an introduction to study. 
2. Chapter 2: Literature Review 
In this chapter, all the necessary information from literature and previous studies, identifying water 
treatment processes and the role of advanced oxidation processes (AOPs) as a method to effectively 
treat water by means of Ag-V co-doped TiO2 base photocatalysis. In this chapter the parameters, 
conditions and processes necessary to synthesis an active photocatalyst are presented along with its 
application to water treatment.  
3. Chapter 3: Experimental Methodology  
In this chapter experimental setup is presented. The methodology explained the theoretical synthesis 
of co-doping photo catalytic nanocomposite. The experimental section includes the synthesis, 
characterisation, activity test or removal of methylene blue, and the water treatment activity test. 
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4. Chapter 4: Results and Discussion 
This section includes discussions, restrictions, validations and discrepancies of the results. This 
chapter narrates the details of the characterisation information, activity test and water treatment. The 
source and consequence of certain observations in the photocatalytic test are forecasted from which 
possible solutions can be worked out and confirmed.  
5. Chapter 5: Conclusion and Recommendations 
This chapter presents the conclusions and perspectives for further work. In this chapter a summary 
of the major findings of this study are summarised in the form of a conclusion. The Recommendations 
for future perspectives are presented in this chapter.   
6. References  
All literature citied in the dissertation are found at the end of the dissertation right after chapter 5 
under the reference list. 
1.7 Chapter Summary 
This chapter gives an introductory overview of the topic and outlining the identification of the 
significant aspects of the research. This chapter is important as it identifies the problem statement, 





2. LITERATURE REVIEW 
2.1 General remarks  
In chapter 2 the literature review is presented. This chapter focuses on the different aspects of the 
topic, as well as finding and presenting pervious research in the field, building on scientific and 
logical understanding in solving the problem statement. 
2.2 Water Scarcity and Water Pollution 
Water scarcity can be described as the imbalance between availability and water demand. Water 
demand is mainly influenced by the exponential growth in human population, industrialization and 
excessive agricultural uses. In accordance to Mancosu et al, water availability and accessibility is the 
most important constrains affecting water scarcity[18]. Furthermore, global climate changes are also 
mainly the consequences of water scarcity and drought occurrences. Edokpayi et al, identifies clean 
and safe drinking water as a vital tool for human health, which can reduce common illnesses[19]. 
Investigation carried out by them estimated that about 1.8 billion people globally have lack of access 
to portable water. Nevertheless, the lack of access to portable drinking water results in strenuous 
attempts by adults and children spending significant amounts of time upon abstracting water from 
various surface water sources [15].  
The scarcity of safe drinking water contributes to underage death mortality, mostly reported from 
developing countries. It is seen that developing countries tend to have challenges of poor health 
outcomes as a result of water shortage, storage and handling. Edokpayi et al investigation revealed 
that the collection and storage in developing countries is mainly supplied from rivers, springs, 
community stand-pipes, boreholes is a common practices[19]. The practice of lack of water supply 
in developing countries has opened the door for poor hygienic practice. Storage systems adopted in 
these communities are articulated to containers such as jerry cans, buckets, drums, basins and pots 
[19]. 
South Africa is a semi-arid country with a limited amount of water resources[20]. Water supply 
systems remain as one of the country’s greatest challenges. The challenges that faces the country 
refers to its access to clean and safe portable drinking water, as some parts of the country water 
supply could be compared to developed countries[15]. Although this is not the case for other regions 
in the country. Mostly some cities, towns and mostly rural areas experience notably a constant erratic 
supply of portable water, or no supply at all [21]. The lack in water supply in the country has left 
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communities with no alternatives, but rather finding themselves locating local and portable sources 
of water supply. This activity is mostly exercised by people in rural areas as they are mostly affected. 
The domestic water needs in the country, leads communities to revert back to collecting water from 
wells, ponds, springs, lakes, rivers, and rainfall harvesting[15]. The availability of these water 
sources rises concerns to water quality. The fact that no former treatment has taken place prior to 
consumption rises concerns. This concerns focuses on point and non-point sources of pollution[22]. 
The lack of available portable drinking water result in increased health issues. Previous studies 
conducted by Larry A. Swatuk, show that about 2 million people in South Africa alone lack access 
to safe water infrastructure[23]. The contamination of these drinking water streams has become one 
of the biggest health risks in Africa. Diarrheal diseases leading to causes of child mortality in 
developing countries. This challenge has seen over 700,000 deaths of children under the ages of 5 
years[24]. Water scarcity in the country poses to be one of the biggest threats to the country.  
Surface water serves as a source of portable water for most communities in rural South Africa. The 
release of domestic and industrial waste finds themselves into theses water streams. The discharge 
of these pollutants affects the quality of the water. As a result the quality of water is affected by acute 
and cumulative impacts[25]. 
Chemical disinfections introduce free chlorine or oxidizing agents in liquids, powders or gaseous 
forms[26]. Chlorine has undesirable side effects, such as the formation of trihalomethanes (THM). 
The formation of these THMs arises as a result of reactions between free chlorine and organic 
matter[27]. The development of new methods in water treatments is required which can minimise 
the amounts of chemicals that are consumed.  
A focus in the case study on the outbreak of the Milwaukee event proves that better alternatives are 
required. The case study presented outcomes focused at new methods of water treatment such as 
membrane filtration as a replacement for coagulation, flocculation and sedimentation. The 
introduction of UV light irradiation is seen to be an aid to replacing the chemical aspects of 
disinfections[28]. The development of membrane filtration and Ultra-Violet (UV) light has brought 
about a paradigm shift not only for water treatment but for industries as well. There has been a boost 
in (UV) and membrane technology on the water treatment market[29]. More recently the role of 




2.2.1 Impact of waste discharge onto surface and ground water in South Africa 
Water quality raises concerns around chemical, physical, and biological characteristics of water. The 
determination of it fitness in its application is currently decreasing. Figure 2.1 illustrates the cycle of 
how some water pollutants enter onto surface water streams[30].  
 
  
Figure 2. 1. Different types of water contaminants that enters into surface water streams[31] 
The discharge of domestic and industrial waste into water streams has negative impacts on the 
environment and health of humans. Waste discharge has negatively impacted water sources. Akpor 
et al reported that impacts of waste disposal dependents on the composition and concentration of the 
contaminants and the volume of the frequency of the waste effluents entering the surface water 
sources[25]. 
Generally, pollutants contamination water bodies. Water pollution is usually caused by human 
activities as a result of cumulative effects over time. Plants and organisms exposed to polluted water 
bodies can have severe impacts on the environment and health of humans[24]. Mainly the cause of 
water pollution is driven by a range of chemicals, pathogens, and physical parameters. Contaminants 
include organic and inorganic substances such as food, pharmaceutical intake and excretion, cleaning 
and personal care products, furniture, building materials, floor treatments, and industrial effluents 
etc.[24].  
The measuring and testing analysis of water bodies is of importance. Encompassed by testing the 


















and taste), chemical properties (pH, metal and non-metals, Persistent Organic Pollutants, POPs) and 
the biological (fecal, coliform, total coliform and entercocci count) are usually performed[32]. 
Toxic waste can be categorised as acute or cumulative impacts. Acute impacts generally have high 
levels of ammonia and chloride, high oxygen demands and high toxicity concentration in heavy 
metals and organic pollutants. Cumulative impacts generally gradually build-up in contaminants 
exposed or discharged to the surface water[33]. Mostly cumulative impacts such as nitrates, nitrites, 
humic acids (HA) and aromatics, THMs and organic compounds are notable at certain thresholds.  
The existence of oxime-methyl-phenyl has revealed to exist in this bacteraemia [34]. Many 
compounds seize to exist in polluted water bodies presented in the study such as, oxime-methoxy-
phenyl, benzene 1-dimethoxymethyl-4-1-methyl, Z,Z-8-10-Hexadecadien-1-ol, Eicosanoic acid,2,3-
bis(trimethlsily)oxy, methyl4-acetylhydroxpala, cyclotrisiloxane, hexamethyl, benzaldehyde,2,5-
bis(trimethylsily)oxy. This is seen as a result of organic and inorganic discharge into different water 
bodies. In the study these compounds were detected as the major compounds in the water samples. 
The analysis from the Material Safety Data Sheets (MSDS), reveals the hazardous and toxicity of 
these compounds on the environment and human life.   
2.3 Advanced Oxidation Processes (AOPs) 
Alvarez at el., identifies the properties and processes that can be enhanced by nanotechnology. Water 
treatment requires the removal of a wide range of pollutants [24]. Figure 2.7 illustrates basic 
treatment and traces of chemicals and salts. The graph shows that levels of treatment increases due 
to socio-economic and institutional capacity. Advance technologies are seen more as polishing steps 
to removing pollutants. AOP’s are opportunities for nano-technology enhancements in water 




Figure 2. 2. Priorities and processes in nano-technological enhancements[24] 
Deng et al., were reported that during catalysis hydroxyl radicals (OH•) are generated. Furthermore, 
sufficient removal rate on refractory organic dyes, organic contaminants, and certain inorganic 
pollutants, are radically generated[35]. Cesaro et al.,reported that the developments of a new and 
facile strategy are required and suggests that the drawbacks experienced by conventional methods, 
can now be overcome by the aid of AOPs[36]. AOP’s have gained much attention of the years, much 
of its attention is focused on the ability to degrade or eliminate a wide range of contaminates through 
redox processes in water and air[37]. In figure 2.3, the application of AOPs is shown for the 





Figure 2. 3. The application and reduction of a wide range of contaminants by AOP’s [36] 
Palmisano et al.,have reported that the usage of AOP’s dates back to the 1980s [39] and the 
performance of AOP’s is depended on the hydroxyl radicals (•OH) generation[38].  The classification 
of AOP’s can be categorised into four different types due to the formation of HO- radicals. Figure 
2.4 illustrates the different types of AOPs. 
 
Figure 2. 4. The four different types of AOP’s [36] 
Among the different types of AOPs methods, heterogeneous catalysis and photocatalysis are getting 
attention because in these methods the catalyst can mineralize or degrade the pollutants to other 
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harmless compound. In this method unlike other methods we do not use chemicals and consequently 
less expensive.  
Rauf et al., delineates the principal of photochemical heterogeneous photocatalysis. This principal  
presents organic molecules in the behaviour to come into contact with the catalyst surface under 
irradiation. Light enhances the rate of the chemical reactions and the catalyst participate in the 
chemical reaction without being consumed [39]. Thus, a series of redox reactions and degradation 
takes place in the chemical reaction. The heterogeneous photocatalysis compasses different 
applications such as the degradation of toxics pollutants, organic synthesis, water slitting, metal 
reduction, and the removal of harmful gases, etc. [40][41]. The generation of electron pairs can be 
activated by the illumination of semiconductors from a light source. The behaviour of the generation 
can be due to the space charge layer at the surface of the semiconductor electrolyte. Subsequently 
the flux of the holes captured by the reduced ion species electrolyte at the interface.  
 
2.4 Photocatalysis Using Semiconductors 
As mentioned previously, photocatalysis is the amalgamation between photo (light) which relates to 
photon and catalyst which relates to chemical reaction taking place quickly without itself being 
consumed or changed. Generally, photocatalysis can be defined as the influence of the rate of change 
of a chemical reaction upon the exposure to light. The utilization of these reactions occurs by the 
involvement of light and semiconductor reactions. Therefore it can be stated that photocatalysts are 
basically semiconductors, which can drive an electron hole pair is generated on exposure of semi 
conductive material exposed to light[42].  
The dependence of photocatalysis depends on the thermodynamic process of generation, separation, 
and transportation of the electro-hole pair, subsequent to the illumination of the semiconductor[40].   
Photocatalysis can be categorised into two types of reactions. These reactions are based on the 
physical appearance of the state of reaction, homogenous and heterogeneous photocatalysis. 
Homogenous photocatalysis identifies that both the semiconductor and reactant are in the same 
phase, for example gaseous, liquids or solid. The heterogeneous photocatalysis identifies that the 
semiconductor and reactants at different phases, where the reaction can be classified as an 
heterogeneous photocatalysis reaction[43]. 
The different e materials display dissimilar energy band gaps (Eg) between the VB and CB. The 
conductivity of these materials can be categorised into three basic groups, namely metals or 
conductors, semiconductors, and insulators. Conductors are seen to exhibit (Eg) < 1.0 eV, while 




Figure 2. 5. Different types of material conduction [44] 
The presence of a light source excites the energy of the photons of the photocatalyst. The photons 
are absorbed by electrons (e-) from the (VB) to the excited state of the (CB). In the process of e- 
moving from one state to another hole pairs (h+) are created in the (VB). This photo excitation state 
is formed by creating e- and h+ generation. The excited electron state caused in reducing an acceptor 
where a hole was used for oxidation of donor molecules[44].  
Rakshit et al., delineate that the excitation of the e- and h+ is distinct by the relative position of the 
CB and VB of the semiconductor as supposed to redox levels of substrates. Interaction between 
semiconductor and substrates which are governed by four processes of combination as follow[45]: 
 
1. The reduction of substrate reaction, due to the redox reaction and of the substrate in the 
being lowering process in the CB of the semiconductor. 
2. The oxidation reaction of the substrate taking place, due to the redox reaction of the 
substrate being higher process in the VB of the semiconductor. 
3. Redox reaction are neither possible, when the redox reaction of the substrate are higher 
than the CB and lower than the VB of the semiconductor. 
4. Redox reaction of the substrate reaction process in the redox reaction of the substrate 
are lower than the CB and higher than the VB. 
The application of photocatalysis can be used in many areas such as an antifouling agent, antifogging, 
and water treatments. In accordance to Rakshit et al, indicates the ability of  semiconductors to 
photocatalyse, in this catalysis the complete elimination and mineralization of organic pollutants can 
be achieved[45]. 
Semiconductor based photocatalysis has received much attention during past few decades due to its 
potential application in water and wastewater treatment. The development of photocatalysis has 
shown many advances, Herrmann at el., could achieve by conducting experiments on the 
photocatalytic adsorption and oxidation of carbon monoxide (CO) onto the surface zinc oxide (ZnO) 
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[46]. In another study study, Doerffler et al., were successful in oxidation of alkanes in daytime light 
using  TiO2 [47]. 
The study carried out by Fujishima and Honda, reports on water splitting into H2 and O2 using a 
semiconductor photocatalysis. Thus the work carried out by these researches has been seen as a 
pioneer and the fundamental work for the undertaken application for wastewater treatment by the aid 
of photocatalysis[48].  
A series of steps are followed in a photocatalysis process. These steps include the generation of OH 
radicals. OH radicals poses strong oxidation reactions that have the ability to degrade many organic 
pollutants. The summarised chemical reaction hole-pair generation, separation, transportation, and 
degradation of pollutants through the redox reaction is as follows [36]; 
𝑆𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 + ℎ𝑣 → ℎ+ + 𝑒−  (2.1) 
ℎ+ + 𝐻2𝑂 →• 𝑂𝐻 + 𝐻   (2.2) 
ℎ+ + 𝑂𝐻− →• 𝑂𝐻+    (2.3) 
ℎ+ + 𝑂𝐻− →• 𝑂𝐻    (2.4) 
ℎ+ + 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 → 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡−  (2.5) 
𝑒− + 𝑂2 →• 𝑂2
−    (2.6) 
• 𝑂2
− + 𝐻+ →• 𝑂𝑂𝐻+   (2.7) 
• 𝑂𝑂𝐻 → 𝑂2 + 𝐻2𝑂2   (2.8) 
𝐻2𝑂2 +• 𝑂2
− →• 𝑂𝐻 + 𝑂𝐻− + 𝑂2  (2.9) 
𝐻2𝑂2 +• 𝑂2
− → 𝑂𝐻− + 𝑂2   (2.10) 
𝐻2𝑂2 + ℎ𝑣 → 2 • 𝑂𝐻   (2.11) 
𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 + (• 𝑂𝐻, ℎ+, 𝑂𝑂𝐻 𝑜𝑟 𝑂2
−) → 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 (2.12) 
 
The emergence of nanotechnology and its applicability in the field of environmental protection has 
pushed the extremes in semiconductors as material and catalysts. Semiconductor metal oxides and 
sulphides such as TiO2, ZnO, CdS, SnO2 and WO3, have been identified as suitable semiconducting 
materials for photocatalytic activity. The importance of these semiconductor has been identified to 
eliminate organic pollutant in water. This phenomenon is seen to be based on the band position 
relative to the normal hydrogen electrode (NHE). Figure 2.6  illustrate the band gap position of 
several semiconductors comparing to TiO2 [36]. Semiconductor photocatalysis processes are mainly 
involved in three major steps, as below; 
 The absorption of light and the generation of electron-hole pairs. 
 The separation of charge carries. 
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 The redox reaction at the surface of the semiconductor.  
 
Figure 2. 6. The position of band positions of several semiconductors[36] 
 
TiO2 is highly regard as a suitable photocatalytic semiconductor. This  is due to its high corrosion 
stability, extreme aqueous stability and relatively favourable band gap energy[44]. Guo et al., 
proclaims that about 43% of the total solar spectrum manifest visible light[49] and the visible light 
spectra possess to have an energy range from 2.43 eV to 3.2 eV which is lower than the energy 
needed for the activation of TiO2. Therefore, it is necessary to design a semiconductor that has a 
proper band gap energy which can get exited in the visible region of the solar spectrum, with attempts 
aimed at producing such a desirable catalyst[49]. In figure 2.7 different energy and band position for 
some of the mostly and commonly used semiconductors are shown. The use of semiconductors with 
ultra-violet (UV) band gaps are less desirable for the application of photo degradation as compared 
with visible band gap semiconductors. Most  of investigations have led to the reduction of UV-active 





Figure 2. 7. The band gap and positions for different semiconductors[36]  
 
Great attention has been given in addressing the reduction and elimination of environmental 
pollutants in water and air. Figure 2.8 shows the basic schematic of a semiconductor photocatalysis 
mechanism. 
 
Figure 2. 8. Schematic diagram of semiconductor nanoparticles and the photocatalysis mechanism[50] 
The irradiated semiconductor, as shown in figure 2.8, with the energy equal or greater than the band 
gap are promoters from the VB and CB. The migration of the hole pair (h+) generated migrates to 
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the surface of the semiconductor[50]. It’s seen that a large percentage of the electrons in the CB 
recombines with the hole pairs in the VB, this effect or action is due to the electrostatic force 
experienced in the interaction [51]. The interaction due to the electrostatic force leads to the 
reproductive heat or photons. There is a chemical potential in the CB of electrons between +0.5 and 
-1.5V vs. normal hydrogen electrode (NHE). The NHE initiates the reduction of the acceptor species. 
Interchangeably so, the holes migrate on the surface of VB possessing a chemical potential of +1.0 
to 3.5 vs. NHE oxidation donor species absorbed on the surface of the semiconductor. The surface 
recombination exists due to the presence of active surface states on the semiconductor crystal. Thus 
the degradation of pollutants consists of many kinds of reaction due to the illumination of 
semiconductors[50].  
 
2.5 Fundamental Aspects of TiO2 in Photocatalysis  
 Photocatalysis is initiated by the excitation of semiconductor such as TiO2. The excitation is 
generally enables the generation of charge carriers. The generation of these charge carries under a 
series of reactions namely; trapping, recombination, and the interfacial transfer on the surface of the 
TiO2 photocatalyst before the redox reaction can take place [52].  
The exploration of photocatalyst follows after its ability as a photocatalysts to preform redox 
reaction. Thus, TiO2 has driven developments due to its outstanding physicochemical properties, low 
cost, energy band gap, its innerness to chemical and photonic ability, and non-toxicity. TiO2 exhibits 
mainly 3 crystal phases, anatase, rutile and brookite. Anatase tends to be the most stable and desirable 
crystal phase of TiO2 [53]. It is desirable to study its polymorph, as it shows outstanding superior 
photochemical performances.   
Semiconductor photocatalysis in principle is initiated greatly from absorption of the photon with 
greater energy than that of the photocatalyst band gap energy[52]. The excitation of photo introduces 
inter-band transitions in the formation of electrons (e-) and holes (h+) in the conduction and valance 
bands. Charge recombination is mostly experienced at the surface of the photocatalyst. Nevertheless, 
free charge carries easily migrate to the surface of the photocatalyst, which may escape 
recombination and may be trapped in the interfacial charge transfer. The interfacial charge transfer 




Figure 2. 9. Schematic model of the earlier stage of photocatalysis in the anatase (TiO2) [54] 
Figure 2.9, illustrates the charge carrier’s generation, trapping, recombination and interfacial transfer 
of TiO2. Several models exist in charge transport, trapping of electrons, redox reaction on a photo 
excited TiO2 photocatalyst. The adopted model for an anatase crystal phase TiO2 based photocatalyst 
reveals several steps[54]: 
First step: electron-hole generation 
𝑇𝑖𝑂2 + ℎ𝑣 → 𝑇𝑖𝑂2(𝑒
− + ℎ+)  (2.13) 
Second step: Trapping of CB electrons (ecb




3+   (2.14) 
Third step: trapping valance band holes (hvb+) at terminal Ti-OH or surface Ti-O-Ti 
𝑇𝑖 − 𝑂𝑠− − 𝑇𝑖 + ℎ𝑣𝑏
+ → 𝑇𝑖 − 𝑂𝑠𝐻
.+ (2.15) 
Fourth step: Reduction of adsorbed electron acceptor (Aad) with ecb
- at reduction sites  
𝑒𝑐𝑏
− + 𝐴𝑎𝑑 → 𝐴𝑎𝑑
.−
   (2.16) 
Fifth step: Reduction of (Aad) with electrons trapped at defect sites (Tids
3+)  
𝑇𝑖𝑑𝑠
3+ + 𝐴𝑎𝑑 → 𝑇𝑖𝑑𝑠
4+ + 𝐴𝑎𝑑
.−
  (2.17) 
Sixth step: Oxidation of adsorbed electron donor (Dad) by trapped holes at oxidation sites 
𝑇𝑖 − 𝑇𝑖𝑠𝐻
.+ → 𝑇𝑖 − 𝑂𝑠𝐻   (2.18) 
Seventh step: Recombination of ecb
- with trapped holes 
𝑒𝑐𝑏− + 𝑇𝑖 − 𝑂𝑠𝐻
.+    (2.19) 
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Eighth step: Recombination of Tids
3+ with trapped holes 
𝑇𝑖𝑑𝑠
3+ + 𝑇𝑖 − 𝑂𝑠𝐻
.+   (2.20) 
 
 
2.6 Strategies for Improving TiO2 Performance for Degradation of Pollutants 
in Visible Light                  
The modification of TiO2 based photocatalysis for the visible light photocatalytic activity, has seen 
much development over the past few decades by tailoring the surface or band gap through several 
approaches. Several approaches to altering or modify the enhancement of visible light photocatalytic 
activity of TiO2 has been studied. These modification are such as doping, co-doping, 
coupling/composite, hybridization, doping and coupling, capping or coating[53,55]. The importance 
of modifying TiO2 is not only to reduce its energy band gap, but to also prevent the electron pair 
charge recombination in the enhancement of the photocatalytic activity. The narrowing of the band 
gap by the introduction of doping for shifting of the TiO2 response to visible light irradiation proves 
to be a promising approach [55]. Doping of TiO2 is mostly desirable for the sustainability of the 
crystal structure of photocatalysts while the electronic structure changes.  
Doping is the key role of modifying TiO2 with a simpler approach comparing to other methods. 
Hence doping of metals or non-metals is seen as the drive to alter the optical band gap of the TiO2 
photocatalyst and improves its activity under the visible light and under solar irradiation.  
 
 
2.6.1 Doping (Silver (Ag), Vanadium (V), Co-doping TiO2)   
 
Metal doping or cationic doping enhances the redox potential of the radicals generated during the 
photocatalysis and reduces the electron hole pair recombination. Enhancement in metal ions into the 
TiO2 structure demonstrates efficient visible light absorption. The flow of electrons from VB to CB 
transports with easy to the surface of the catalyst, and the electrons are can be captured  by doping 
agents such transition metals, noble metals, poor metals and earth metals[56]. 
Transition metals have been investigated as dopants of TiO2 in the reduction of the chromatic shift. 
The red shift is observed by the band edge of TiO2, which can be defined as the overlapping of the 
CB of the Ti(3d), d levels of these transition metals allowing for absorption of the light into the 
visible light regions[57]. It is important to note that doping of transition metals ions may reduce the 
quantum efficiency. This cause is seen as the behaviour of the transition metal acting as a 
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recombination site for the photo generated charge carriers. The control factors of the photocatalytic 
activity are controlled by the nature of the dopant nature and the amount of the doping agent [53]. 
The investigation on doping noble metals such as silver (Ag), gold (Au), ruthernium (Ru), platinum 
(Pt), and Osmium (Os), etc. Doping noble metals show a red shift in the band gap energy from UV 
to visible light absorption [54]. These noble metals are resistant to photo corrosion and oxidation and 
they act as electron scavengers in charge separations and visible light sensitizer. Transition metal 
doped TiO2 in a huge number of studies and researches has shown increases the probability of the 
degradation rate of organic pollutants.    
2.7 Water Properties and Quality  
Water quality refers to chemical, physical, biological and radiological characteristics of water. Self-
assessment data collected will provide an important part of the effort in improvements of water 
quality identifying current and potential problems. Surface water quality is constantly influenced by 
anthropogenic factors, such as agricultural, domestic or industrial, and natural influence, such as 
climate change. These influences of anthropogenic and natural activity result in the degradation of 
the quality of the surface water [58]. 
The rapid growth in human population, industrialization has caused rapid deterioration of surface 
water quality. Rivers streams form part of the most important source of available fresh water. As the 
rapid deterioration of these streams increase, the call for better water quality monitoring programs 
are largely required [59]. 
There are different methods and procedures for the water treatment but there some compounds which 
are either refractory to the conventional treatment methods. They are also either too low in 
concentration that makes it not possible to remove them by conventional treatment. However, these 
pollutants are dangerous to the human and environment. Therefore the importance of photocatalysis 
as method which can be used to degrade a wide range of pollutants which are refractory or low 
concentration. This will help to achieve high quality drinking water in the area where they do not 
have access to the drinking water.  
2.7 Chapter Summary  
This chapter presented the most important factor for achieving a visible light driven photocatalyst. 
The chapter also focuses on the scarcity of water and water pollution in South Africa. It also identifies 
the water properties and quality of water in Limpopo and Mpumalanga. Past research has identified 
the shortfalls on water treatment and water supply in some region of South Africa. It is established 
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that more scope to conduct water treatments by the aid of photocatalysis in South Africa, in order to 






3.1 General Remarks 
In this chapter, the experimental methodologies have been presented. The sample preparation, 
material characterisation, activity test, and the modified co-doped TiO2 photocatalytic degradation 
of wastewater treatment is introduced.  
3.2 Introduction   
This chapter gives a detailed account of the experimental procedures and physicochemical techniques 
used in achieving the objectives of this study. All chemicals and reagents were purchased from 
Sigma-Aldrich, Ltd. (Saint Louis, MO, USA) and was used without further purification. Deionised 
water was used in all samples preparations. 
. This processes allows for the creation of advanced materials out of nanoparticles building blocks. 
The major challenges in the field has been the control of particle size and shape during synthesis[60] 
and altering physical and chemical methods or the development of nanoparticles is recommendable. 
These methods include the sol-gel, solvothermal process, reverse micellar, hydrothermal method, 
sputtering and implantation techniques, as well as electrochemical methods[61]. Solvothermal is one 
the  synthesis method which use wet chemical approach can be used to generate nanoparticles by 
gelation, precipitation and hydrothermal treatment[61]. The sol-gel hydrothermal (solvothermal) 
method is regarded as an alternative facile method for synthesis of nanoparticles due to its low 
thermal treatment, versatility of processing and homogeneity at molecular level. 
3.3 Methodology  
3.3.1 Materials  
  
Titanium (IV) butoxide (97%), hydrogen peroxide (H2O2) at (35%), ammonium metavanadate 
(NH4VO3) at (99%) and silver nitrate (Ag2NO3) at (99%) were used in the synthesis of the 
experimental setup. Further sample preparation shall be outlined in the synthesis section 3.4. Note, 





 Synthesis, formation of a light driven photocatalyst synthesised by a hydrothermal sol-gel 
method. 
 Characterisation, the analysis of the activity of each sample will be analysed by several 
techniques to help study its effectiveness under different light spectrums. These techniques 
will study the morphology, phase composition, energy levels and excitation due to the 
exposure to different light wavelengths. 
 Activity test, once a well-defined synthesised and characterised photocatalyst was obtained. 
The activity test analysis of the photocatalyst through the removal and degradation of MB 
under visible light irradiation was evaluated. 
 Water treatment testing, applying and attempting a similar activity test in removing and 
degrading pollutants from selected water. 
Methodology was followed as follows, the sample synthesis, which employs the sol-gel hydrothermal 
method. Four samples are prepared in this investigation, TiO2, Ag-TiO2, V-TiO2, Ag, V-TiO2. 
3.4 Synthesis of photocatalysts through a Sol-Gel Hydrothermal Method 
 
A simple solvothermal method was employed in the synthesis of the nanocomposite photocatalysts. 
Four TiO2 based photocatalysts samples were prepared by a sol-gel hydrothermal method. Figure 3.1 
(A) illustrates the gelation formation of the precursor and (B) shows the nanocomposite under 
hydrothermal treatment. 
 








1ml of Titanium (IV) butoxide was hydrolysed with 50ml of deionised water. The solution was then 
decanted after (10mins). Thereafter (5ml) of hydrogen peroxide was added to the mixture along with 
(25ml) of deionised water, allowed for the mixture to react. Continuous stirring was applied to the 
solution, exhibiting an orange yellowish colour sol. The exothermic reaction reacted over a period of 
time till a gel like formation was achieved. 
Then this solution was autoclaved in a stainless Teflon steel flask at 180°C for 4 hours. Followed by 
cooling naturally at room temperature. It was then centrifuged and washed several times with ethanol 
and DI water. The resulted precipitant was then kept in the oven at 80oC to dry for 12 hours. At the 
last stage, the powder form was achieved by crushing, and once the powder was achieved the catalyst 
was ready for use. 
 
3.4.2 Silver (Ag) doped TiO2 
To produce Ag-TiO2, the formulated mixture in section 3.4.1 was followed with slight differences. 
The hydrogen peroxide solution of 5ml was added along to 5ml of Ag2NO3 (10mg/l) and was added 
to the mixture as a doping agent, vigorously stirring was applied to obtain a homogenous solution. 
The rest of the synthesis was followed similar to the synthesis of TiO2 section 3.4.1.  
 
3.4.3 Vanadium (V) doped TiO2 
The producer in section 3.4.1 was followed as in TiO2, 0.1g of the ammonium metavanadate 
(NH4VO3) was added to 25ml of deionised water. Thus, from this solution, 5ml was added as a 
doping agent, instead of AgNO3. The mixture was stirred vigorously to obtain a homogenous 
solution. The rest of the synthesis was followed similar to the formation of TiO2 in section 3.4.1. 
 
3.4.4 Ag, V co-doped TiO2 
Similar procedure as 3.4.1 was followed as in the formulation of TiO2. The addition of both 5 ml of 
AgNO3 and 5ml of NH4VO3 each dopant was added forming the co-doped TiO2 nanocomposite. The 
solution was stirred vigorously to obtain a homogenous solution. The rest of procedure was followed 






3.5 Material Characterisation 
Nanoparticle characterization establishes better understanding the control of nanoparticle synthesis 
and its applications. The characterisation of nanoparticle can be conducted by a number of different 
techniques, mainly focusing on the physicochemical field. A better analysis of the electronic 
properties will be analysed, with caution to morphology, phase present, band gap, shape and size, 
energy level excitation, thermal and surface area characteristics.  
 
3.5.1 UV-Vis Spectrophotometry  
Ultraviolet-visible spectrophotometry (UV-Vis) is defined as the absorption or reflectance 
spectroscopy in UV-visible spectrum regions. Spectroscopic process work based on the 
electromagnetic radiation (EMR) between the interaction of atoms and molecules. When spectral 
measurements are conducted, optical processes are considered. This in particularly important for the 
when light impinges on a cuvette containing molecules of interest such as solute or solvent solution. 
Optical processes occurs in the transmission, reflection, refraction, scattering, luminescence, chiro-
optical phenomena[62]. 
 
The UV-Vis spectrophotometer consists of the following elements [63].  
 A light source focused on the entrance point. 
 A monochromatic light, selects a single frequency range. 
 A specimen holder. 
 A light detector measures the intensity of monochromatic light beam transferred from the 
sample.  
 A computer to display the analysis of the absorption spectrum. 
 
A Cary 5000 UV-Vis NIR Spector photometer with a DRA inserter was used in the UV-Vis Diffuse 
reflectance spectrum (DRS) analysis from the Applied Physics department, at the University of 
Johannesburg. Barium sulfate (BaSO4) was used as the reflectance standard, with reasons that it 
reflects 100% of light irradiation. 
The reflectance spectra can be very advantageous; has it manifest the singularities caused by the 
absorption process but with the possibility of using bulk samples. Diffuse reflectance is generally 




3.5.1.1 Determination of material band gaps from absorption coefficient  
The optical adsorption study provides information to understand the optical induced transitions of 
the optical band gap of the materials. For crystalline solids that scatter light in a perfectly diffuse 
manner, K becomes equal to alpha.  
The percentage diffuse reflectance data explained in section above (3.5.1) can be transformed to 
Kubelka-Munk units, for an infinitely thick layer, applying the Kubelka-Munk alogorithm or the so 





= 𝐹(𝑅) (3.1) 
Whereas; 
 K-  Reflectance in accordance to Kubelka-Munk  
 R - Reflectance (%) 
 F(R) -  Kubelka-Munk function 
The band gap energy, (Eg) and the absorption coefficient, alpha, are related in accordance to the 
equation[65]: 
𝛼ℎ𝑣 = 𝐴(ℎ𝑣 − 𝐸𝑔)𝑛 (3.2) 
Whereas; 
 α - Absorption coefficient 
 A - Constant  
 hv - Energy of light  
 Eg - Band gap 
 n - Constant depending on the nature of the band gap transition mode. 
For an indirect allowed transition, n=2 for a direct allowed transition, n=1/2. Value of n can be 3/2 
for a direct forbidden transition and 4 for an indirect forbidden transition. In the case of TiO2, the 
fundamental absorption has a direct transition (n=2). However, the type of transition may change 
slightly due to doping, leading to other types of transitions[64][66].  
 
 
Band gaps of the nanoparticles were deduced from the Tauc plot, a plot of [F(R) hv] 1/n vs. photon 
energy plot to the x-axis provides the band gap energy which corresponds to the absorption edge of 





3.5.2 X-ray Diffraction (XRD) 
XRD is a techniques consists of collimated beam of X-rays. The beam is directed at the sample at an 
angle which the beam diffraction is measured[67]. Diffraction pattern contains of a range of peaks; 
at these ranges exist different intensities for specific angles of the diffraction. Theses diffraction 
pattern are unique to a specific crystal structure. Thus the periodicity imposes strong constraints on 
the resulting X-ray diffraction pattern. The determination of the crystallographic structure from an 
analysis of the diffraction pattern can be determined, by the Bragg’s Law[67]. 
XRD is a phenomenon by crystals structure, three phases are present under XRD brookite, rutile and 
anatase. The condition for diffraction are of a simple mathematical equation decribed by Bragg’s 
law. The XRD analysis is basical based on the scattering of X-rays from matter. The behaviour of 
the wave in the scattering simply interferes with each other. In this interference an intensity 
distribution is determines the wavelength incident angle of the x-rays. Thus, the expression of the 
space distribution can refer the scattering of the x-ray pattern.  
The atomic levels of the material can then be determined by analysing the diffraction pattern[68].   
XRD is an important measurement technique for characterisation of crystalline materials and their 
crystal structures. The determination of crystalline structure of nanomaterial is achieved by XRD, 
which provides information on the nano crystal size, micro-stresses, micro-strains, types of crystal 
structure, inter-planar differences, Miller indices, charge distribution around atoms and orientation 
distribution. X-Pert Philips was used to analysis the XRD patterns of each sample, this equipment 
was used in from the department of Applied Chemistry at the University of Johannesburg. 
 
3.5.3 Scanning Electron Microscopy (SEM) 
SEM is a powerful technique to analyse material’s surfaces composition and morphology. The 
microscopy electrons are directed through a series of condenser and objective lenses that condense 
and constrict them to eliminate high-angle electrons before they are focused onto the sample. 
Furthermore, secondary generated electrons beams emerge from the dependences of local 
composition and topography in the material. Gathered electrons are collected by an electron detector, 
an image thus forms and plots a signal as a function of the beam location. SEM images analyses 
microscopic structures on the surface of the material. SEM images generated electron beam that scans 
over the surface area of the specimen. The importance of SEM images is its three-dimensional 
appearance of its image due to its depth of field analysis. The SEM analysis provides chemical 
information from a specimen by using SEM analysis techniques[69]. 
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Applications of SEM determine structural-properties for a wide range of materials, which includes 
metals, alloys, semi-and semiconductors, ceramics, carbon nanotubes, nanoporous support and 
polymers. Topographical data and morphological such as surface features and shape and size of 
particles in these materials can be obtained. The ZEISS-AurigaCobra SEM, Oberkochen, from 
Germany was used to analyse the morphology, element composition and structure of the 
nanocomposite photocatalyst.  
 
3.5.4 Transmission Electron Microscopy (TEM) 
Electron microscopy is a technique analysing characteristic spatial features of nanostructures at high 
resolution. This technique provides direct images from which morphological details can be extracted. 
TEM analysis utilises a collimated electron beam that accelerates high voltages and focused through 
a series of electrostatic or magnetic lenses. Images are formed by the interaction of different atoms 
with the absorb electrons to different extents. TEM allows for the generation of diffraction patterns 
for determining the crystallographic structure of samples. TEM provides micro-structural details 
down at an atomic level. TEM examines crystal structures and crystalline defects. TEM analysis 
determines structure properties, for a wide range of materials such as alloys, semiconductors, 
ceramics, carbon nanotubes and polymers. TEM analyses pertaining to size and shape of particles, 
detection of atomic scale defeats, elemental composition and information on phases (lattice spacing 
measurement) as well as sample orientation. JEM-2100 JEOL electron microscope operating at 
200kv/ accelerating voltage (Japan), connected with EDS CCD camera. This equipment was used 







3.5.5 Raman Spectroscopy  
Raman spectroscopy is based on the Raman Effect. The Raman Effect induces photons in the 
interaction between vibrating molecules in a material. Photons are either transfers energy to stokes 
or anti-stokes in the molecular vibrations. The energy change of the scattered photons corresponds 
to the vibrational energy spectrum, which depends on the chemical composition of the sample. 
Raman signals usually require powerful lasers and sensitive detectors. The Raman Spectroscopy 
applications includes chemical fingerprinting, crystallite examination in ceramics and the 
examination of structure and strain rates in polycrystalline ceramics, glasses, fibres, gels, and think 
films. Vibrational information as well as impurity concentration can also be determined from Raman 
data. Aloha 300R (WITec) confocal laser Raman microscope configured with a frequency-double 
Nd-YAG laser at wavelength 532 nm. This equipment was used from the department of Geology, 
University of Johannesburg. The Raman spectra were collected using (5X, 20X, 50X, and 100X) 
Nikon objectives. The Beam centring and Raman spectra calibration were performed daily before 
spectral acquisition using SI standard (111). 
 
3.5.6 X-ray Photoelectron Spectroscopy (XPS) 
 
XPS involves the irradiation of a specimen by a beam of usually monochromatic low energy X-rays. 
Absorption of a high energy X-photon causes the ionisation of an electronic level. Depending on the 
ionisation energy of the kinetic energy of the electronic level, the kinetic energy is large or small. 
The energy spectrum of the electrons is determined with an electrostatic energy analyser and a peak 
appears for each electronic level. The binding energy of each core-level electron is characteristic of 
the atom and the specific orbital to which it belongs. The measured kinetic energy of a core-level 
photoelectron peak can be related directly to its characteristic binding energy. The binding energies 
of various photoelectron peak (1s, 2s, 2p etc.) have been tabulated and are available in databases. 
XPS provides a means of elemental identification that can also be quantified via measurement of 
integrated photoelectron peak intensities and the use of a standard set of sensitivity factors to give a 
surface atomic composition.  
It provides analysis for depth profiling, information about the material a few nanometres from the 
surface. The elemental and chemical composition of the material surface. Determination of the 
surface concentration of elements present, chemical states, the molecular environment, binding states 
of metals. All elements, expect hydrogen and helium can be analysed. XPS is therefore a key research 
method for nanostructure materials like metals, semiconductors and insulators. The nano-effect is 
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related to the surface activity and properties.  The VG ESCALAB MKII XPS system with Al Kα X-
ray source and a charge neutralizer was used to analysis the surface concentration of the 
nanocomposite photocatalyst.  
 
3.5.7 Brunauer-Emmett-Teller (BET) 
BET explains the physical adsorption of gas molecules on a solid surface. This technique analysis 
the measurement of the specific surface area of materials. BET is the Surface area analysis, analyses 
the physical characteristic of the material used as sorbents. Materials with high surface areas imply 
larger number of adsorption sites, leading to higher total adsorbate loadings and faster sorption 
kinetics. The most common method used to measure the surface of a solid material is the Brunauer-
Emmett-Teller method[70]. The Mircomertics ASAP 2460, was used to analyse the surface areas of 




3.6 Characterization of water samples before and after treatment  
The characterisation of water samples is important to establish as it will provide a depth and 
understanding for the properties of the water samples. The influence of organic and inorganic 
contaminants in water bodies will be determined by the characterisation of the water samples. 
Different sets of testing were applied to the characterisation of the water samples. Firstly in the 
analysis the establishment of the pH, EC, TDS, and temperature of each sample were gathered for 
the samples before and after photocatalytic treatment using a portable conductivity meter (HANNA). 
Secondly the samples were characterisation by UV-Vis spectrophotometer. Using UV-Vis 
spectroscopy of MB solution samples and UV-Vis spectroscopy of surface water samples. The 
analysis by the UV-Vis spectrophotometer will be initiated by a Genesys 10S UV-Vis 
spectrophotometer. This analysis is different from the UV-Vis Spectrophotometer established in 
section 3.5.1.  The samples were subjected to different wavelengths specified at 214, 254, 275, 
300nm, respectively. This could help in identifying the concentration of nitrites, nitrates, humic 
substances and aromtics, thrihalomethane (THM) formation, and organic compounds in the water 
samples before and after treatment. The analysis will be set out for each water sample, and testing 
will report on the before and after treatment. The analysis will form a basis in understanding the 




The third set of analysis the characterisation of water sample was conducted by Gas 
Chromatography-Mass Spectrometry (GC-MS). This analysis is specially aimed at analysing the 
water sample for the specific compounds that exist in the water as a means of contaminants find their 
way into water streams. Each sample extracted has a number of contaminants that exist in the sample 
as a result of pollutants which are present in the water streams. The aid of treatments by 
photocatalysis though a light driven photocatalyst, should reduce or eliminate compounds found in 
the water sample. Thus, GC-MS should in fact detect whether or not the catalyst was successful in 
removing the organic/hazardous compounds from the water samples.   
 
3.7 Visible Light reactor set-up 
The visible light reactor model was design to represents a driven visible light source. The model 
reactor design consists of (8) 9W compact Fluorescent Integrated 220-240V 50-60Hz cool white 
445lm49lm/w lamps. Each lamp was positioned in the centre of the reactor model made out of 
cardboard. A magnetic stirrer was placed in the middle of the reactor at the bottom, to exact all the 
fluorescent radiated from all the lamps. All samples under irradiation were to be place on top of the 
magnetic stirrer to allow for stirring upon photocatalytic visible light irradiation.  
The reactor was used for both the photocatalytic activity test for methylene blue degradation and 
photocatalytic activity test for treatment of water samples. 
The model reactor consisted of the following apparatus; 
 Eight 9W compact Fluorescent Integrated lamp 220-240V 50-60Hz mini white E14 cool 
daylight lamps. 
 Magnetic stirrer  






Figure 3. 2. Isometric view of the model visible light driven reactor.  
 
 
Figure 3. 3. Side view of the housing reactor unit. 
 
3.8 Photocatalytic Activity Test Methylene Blue Degradation  
In spectrophotometry of sample, the spectral irradiance spectrum was used at a range of 200-700 nm. 
In each photocatalytic activity test, 0.1g of the photocatalyst was dispersed in 50ml of the MB 
solution. This solution was then place on a mechanical stirrer, and allowed to mix within the modelled 
visible light reactor with the lamps on. Aliquots of 1.5mL was then collected and filtered using 0.2µm 
PTFE syringe every 15mins. A solution of 10mg/l MB was prepared by diluting 1g/l MB stock 
solution in DI water applying stirring to the mixture.  
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Once MB solution was prepared, the model scaled design of the reactor will be used in this 
investigation, to achieve photocatalytic irradiation.    
The degradation rate of MB was plotted using A/Ao percentage versus time. A is the absorption of 
the degrading solution due to catalytic activities present by the nanocomposite, and Ao is the initial 
absorption spectrum of MB. The degradation efficiency % of MB was calculated by the following 
equation[71]: 
𝐸𝑓𝑓(%) = [𝐴𝑜 −
𝐴𝑀𝐵
𝐴𝑜
⁄ ] × 100 (3.4) 
Ao is the initial absorption of MB before photocatalytic activity testing mg/L and AMB is the finial 
concentration of MB- after photocatalytic degradation -mg/L. All the experiments were performed 
in triplicate. This equation will help in analysis of the degradation percentage within 15min intervals 
for each sample prepared.  
 
 
3.8.1 UV-Vis Spectroscopy for MB (Chemistry lab) 
The photocatalytic activity of the synthesised photocatalysts was evaluated by measuring the 
concentration of the dye in the reaction mixture after UV illumination. The photocatalytic reaction 
took place between dye and catalyst concentration. Stirring of mixture by magnetic stirring was 
presented. The amount of MB shall be determined from the decrease in the UV-visible absorption of 
the dye. The Shimadza UV-1800, UV spectrometer was used in the analysis of the degradation of 
MB, from the department of Applied Chemistry at the University of Johannesburg. 
 
3.8.2 Kinetic Model    
Reaction kinetics gives information about the reaction rates and the mechanisms by which the 
reactants mineralized and decompose to other by-products. The primary processes include the photo 
generation of electron hole pairs, their transport and capture by species adsorbed on the catalyst 
surface), charge recombination, the formation of hydroxyl and superoxide radicals and the attack of 
substrates molecules through redox reaction.  
The photocatalytic degradation rate of MB in this study follows pseudo-first-order kinetic process, 
which can be expressed by the equation 3.5 as follow [71]:  
−𝐼𝑛 (𝐴 𝐴𝑜
⁄ )  (3.5) 
The results of the photocatalytic activity tests have been summarized and analysed in section 4.3.2 
of chapter 4.  
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3.9 The Evaluation of Photocatalytic Degradation of Pollutants in Water Samples 
Collected from Limpopo and Mpumalanga  
3.9.1 Sample collection/ Sample Sites  
The water samples were collects from two regions of South Africa, Limpopo and Mpumalanga. 
Samples from Limpopo were gathered from a small rural area called Mathibeng in a sub part of the 
Lepelle River. The river stream provides water into the community and is very crucial and important 
for the community as it is one of their main sources of water supply. The scarcity of water is a 
challenge for this community. Water delivery is said to be sporadic and unreliable, while the water 
quality reveals to be poor. It has been reported that Limpopo suffers from poor water quality[19]. 
The collection of water samples was collected from two important streams in the Mathibeng 
community. 
 First Sample was taken from the local river stream. 
 Second sample was taken from the locally man made bore hole, used by the community to 
access water. 
The sample from Mpumalanga was collected from Witbank Ezinambeni. Acid mine drainage in this 
region has become a serious environmental concerns. The challenges raise concerns around long 
term sustainability for fresh water supply. Much of the water stream in Mpumalanga has undergone 
rapid deterioration. Sudden drops in pH levels, accompanied by elevated levels of iron, aluminium, 
and sulphates are rendered in water toxicity and unsuitable for usage[72]. The water sample was 
taken from the local community’s water supply into their homes.  
All these samples were collected in November of 2018, as indicated two samples were collected from 
Limpopo (Mathibeng) and one sample was collected from Mpumalanga (Ezinambeni). The samples 
were collected in two litre bottles. The evaluation of these sampled was done before and after 
treatment. The determination of the pH, EC, TDS, temperature, salinity, nitrates, nitrites, THM 
formation, humic substances and aromatics and organic compounds are evaluated.  
       
 
 
3.9.2 Analysis of Samples 
The photocatalytic degradation of photocatalysts were evaluated by a photocatalytic activity test 
similar to the activity test for the removal of MB (section 3.8). In an attempt to remove pollutants in 
water. Each sample was evaluated before and after treatment. The treatment process introduced a 
visible light activity photocatalyst under visible light irradiation. The evaluation analysis was carried 
35 
 
out by a portable EC meter, the Genesys 10S Ultra Violet-Visible (UV-Vis) Spectrophotometer and 
the Gas Chromatography- Mass Spectrometry (GC-MS).   
All samples were tested for the existences of pollutants at different wavelengths, followed by 
evaluating of the pH, EC, TDS and temperature. Testing was classified into three main classes. The 
first class test consisted of analysing the before treatment samples. This test was targeted at analysing 
the concentration of pollutants in each water sample. Testing of the water samples properties and 
contaminants that exist in the water sample. Second group of the tests consisted of those test after 
each sample was gone under visible light irradiation, under an activity test. In this test 50ml of each 
sample was prepared with 0.05g of each synthesised nanocomposite added to the water sample. Each 
test run for a time period of 60 minutes. Table 3.1 presents the experimental matrix for the water 
treatment followed under the activity test. After every 15 minutes the sample was withdrawn and 
then filtered through a 0.7µm filter to remove the catalyst from the treated water sample for the next 
step which was the measurement of pollutants concentration by different equipment as mentioned in 
previous sections.  
Table 3. 1. Experimental Matrix for water sample under treatment 









TiO2 T1 T5 T9 
Ag-TiO2 T2 T6 T10 
V-TiO2 T3 T7 T11 
Ag, V-TiO2 T4 T8 T12 
 
The third group of tests consisted of evaluating the concentration of pollutants by comparing the UV-
Vis spectra of the treated samples with untreated samples. The UV-Vis Spectrophotometer was used 
to record the spectra.  GC-MS was also employed to further analyse and compare the evolution of 
the pollutant that exist in the water before and after treatment. The two samples were evaluated, the 
Lepelle River water from Limpopo (Mathibeng) and the Mpumalanga (Ezinambeni) water samples.  
 
The water quality was evaluated by a portable (Fig. 3.4) electro conductivity meter (EC meter) in 
order to determine the temperature, TDS, EC, and pH levels of each sample before and after 
treatment. These qualities were measured using a portable EC meter for testing pH, TDS, EC and 
temperature, displaying results with an accuracy of about ±0.2. All processes were done in the water 
testing laboratory at the University of Johannesburg, in the Mechanical Engineering Science 




Figure 3. 4. pH, EC, TDS reading test kit[73] 
 
 
3.9.2.1 Ultra Violet-Visible (UV-Vis) Spectrophotometric Analysis 
A UV-Vis Spectrophotometer (Genesys) 10S UV-Vis (Fig. 3.5) was employed in the analysis of the 
water samples. The spectrophotometer consists of 6 positions in the cell holder. The selection and 
positioning of the cuvettes are compatible with the wavelength ranges for different types of cells 
depended on the material used. In this investigation, disposable quartz’s were used in the 
investigation, with wavelengths ranging from 190 to1100 nm. The blank was positioned at position 
one. Each sample was then placed in the sample holders of the spectrophotometer. Samples were 
subjected to wavelengths of 214, 254, 275 and 300nm before and after treatment and the absorption 
was read at each wavelength and recorded.  
The determination of each wavelength determines different pollutants as follows: 
 214nm- indicative of nitrites and nitrates 
 254nm- indicative of humic substances and aromatics 
 275nm- predictor of Trihalomethane (THM) formation 




Figure 3. 5. Genesys 10S (UV-Vis) Spectrophotometer[74]  
3.9.2.2 Gas Chromatography- Mass Spectrometry (GC-MS) 
GC-MS is an analysis method in which small and volatile molecules are analysed. Molecules such 
as benzene, alcohol and aromatics, steroids, fatty acids and hormones can be analysed by GC-MS. 
This process of analysis can be applied to liquids, gaseous and solid samples. GC-MS has a number 
of advantages such as the ability to separate complex mixtures, quantify analyses and determines the 
trace levels of organic contaminations[75]. In the analysis applied to the study, the GC-MS was used 
to analyse two sets of water samples, Lepelle River water from Limpopo (Mathibeng) and 
Mpumalanga (Ezinambeni). The test was done to identify compounds and by-products to compare 
them against the effects of treatment. Thus, the test was a reliable test to analysis whether or not the 
catalyst was successful in removing hazardous and unwanted compounds from the selected water 
samples. The variation in area peak percentage will give the effect the catalyst has in removing these 
compounds from these water samples and can give a more concise analysis to evaluate the effects of 
the catalyst on the study carried out. 
 
Figure 3. 6. Gas Chromatography-Mass Spectrometry (GC-MS) instrumentation  
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3.10 Chapter Summary  
This chapter presented the experimental methodology untaken in the investigation. The material, 
synthesis, material characterisation, characterisation of water samples, photocatalytic activity test 
were introduced and discussed in this chapter. This chapter was the basic setup and understanding of 




4. RESULTS AND DISCUSSION 
4.1 General Remarks  
This chapter presents the results and discussion of the experimental producers untaken in chapter 3. 
4.2 Introduction  
4.3 Results and discussion 
4.3.1 Photocatalyst Characterisation  
4.3.1.1 Ultra Violet-Visible Diffraction Reflectance Spectrophotometry (UV-Vis DRS)  
 The UV-Vis (DRS), evaluates the electronic states and optical properties of the photocatalysts. 
Figure 4.1 shows the absorbance spectrum for TiO2, Ag-TiO2, V-TiO2, Ag, V-TiO2, respectively. 
The absorption peaks for TiO2, Ag-TiO2, V-TiO2, occur respectively at about 405, 404,373 nm, while 
Ag, V-TiO2 has two peaks at 402 and 779 nm. 
This suggest that the effects of co-doping TiO2 with Ag and V effectively utilized the visible light 
regions of the light spectrum. This effect outlines the generation of electron-hole pairs under visible 
light irradiation.  
The effects of co-doing AgNO3 and NH4VO3 greatly enhances the absorption at longer wavelengths 
greater than 400nm. Co-doping of TiO2 with AgNO3 and NH4VO3 induced enhancement in the 
photocatalytic activity under visible light. The synergistic effects of the activity were observed, 
which led to higher absorbencies achieved in the visible light region. The shift of light absorption 
was extended to 700 nm, IR region too, while this investigative study the extension in the shift was 




Figure 4. 1. UV-Vis (DRS) absorption spectrum of TiO2, Ag-TiO2, V-TiO2 and Ag, V-TiO2 
In the band gap calculation consisted of the combination between the Tauc equation and Kubela-
Munk (K-M) equation which have been explained in section (3.5.1.1).   
The (K-M) function along with the Tauc plot equation, was used to plot the band gap according to 
the absorption edges. As illustrated in figure 4.2 represented the band gap energies as plot of ((ahν) 
n versus photon energy (hν)). The bands gap energies for TiO2, Ag-TiO2, V-TiO2, Ag, V-TiO2 were 
interpolated and equate to 2.9, 2.8, 2.3, 2.2 (eV), respectively. Much more desirable results are 
displayed by the Ag, V-TiO2 photocatalyst, which shows to have achieved a reduce band gap energy. 
Low band gap energies indicate that a shift in the light spectrum has been initiated. This is a clear 
indication that the photocatalyst exhibits photocatalytic performances under visible light irradiation. 






Figure 4. 2. (F(R)hv)0.5 vs. (hv) plot for band gap calculation of TiO2, Ag-TiO2, V-TiO2, and Ag, V-TiO2 
 
Table 4. 1. Band gap energies, respectively for TiO2, Ag-TiO2, V-TiO2, Ag, V-TiO2 
Photocatalysts Indirect band gap (eV) 





4.3.1.2 X-Ray Diffraction (XRD) 
X-ray diffraction (XRD) presents the ability to characterise the phase structure and crystalline composition. 
Figure 4.3, shows the sharp diffraction peaks for Ag, V-TiO2, V-TiO2, Ag-TiO2, and TiO2. Theses, 
diffraction peaks illustrate the anatase and rutile crystallinity. Data was gathered from the equipment 
analyses as stated in 3.5.2. Figure 4.3 illustrates the XRD pattern, which is in good agreement with 
the reference code (01-073-1764. The XRD patterns show the co-existence of anatase and rutile 
phases in the TiO2, Ag-TiO2, V-TiO2 and Ag, V-TiO2 photocatalysts, but changing in their 
intensities. The peak at a 2θ value of 25.3° appears as the anatase phase in the XRD pattern, 
corresponding to crystal plane (101). The peak appears at 2θ° value of 27.4⁰ , corresponding to 




The cubic phase planes for Ag, V-TiO2 are in agreement with reference code (00-006-9240) anatase 
and (00-072-4812) for rutile. Furthermore, another two peaks at 2Ɵ with reference code (04-002-
2751) and (04-006-2066) for Ag-TiO2 were indicative that attractiveness of Ag is comparatively 
strong in trapping electrons, due to its high peak in the XRD pattern of figure 4.3.. No diffraction 
peaks for vanadium or silver could be observed, this could be due to the low concentration of doping 
agents. All the XRD patterns are shown in figure 4.3, with two peaks at 2Ɵ values of 25.3⁰  and 
27.4⁰  which are assigned to the (101) and (110) crystal plane, respectively. Figure 4.4, shows the 
change in the (101)/ (110) XRD plane intensity ratio of the photocatalysts. The (101)/ (110) XRD 
plane intensity ratio of the photocatalyst increases for different TiO2 samples compositions. The 
composition of Ag, V-TiO2 shows the highest (101)/ (110) plane intensity ratio amongst all of the 
other synthesised photocatalysts which had a direct relation with photocatalytic activity. 
 
 





Figure 4. 4. (101)/ (110) XRD plane intensity ratio 
 
4.3.1.3 Scanning Electron Microscopy (SEM) 
SEM provides the surface morphology in this case the surface morphology of Ag, V-TiO2 was 
analysed as the most active photocatalyst under the visible light irradiation. Figure 4.4 represents the 
SEM image of co-doped TiO2 which shows the formation of regular clusters compositions of rod-
like particles. This shape has been further investigated in the TEM analysis in section 4.3.1.4. The 
visual inspection by SEM shows a top view representation analyses, analysing closely stacked rod-
like shaped heads in the shape of spherical bead like grains.  
 
 
Figure 4. 5. SEM image of Ag,V-TiO2 showing closely stacked rod-like shaped heads 
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4.3.1.4 Transmission Electron Microscopy (TEM) 
The TEM micrograph of each powder form nanocomposite was obtained, yielding a bright field and 
a high resolution (HRTEM) image. Figure 4.6 presents the bright field under analysis, it is seen that 
there is non-uniformity in the particles. A rod like shape is observed and is in support of the SEM 
image obtained in figure 4.5. These rod-like shapes tend to be smaller in size and closely stack to one 
another. This behaviour is seen to be enhanced by the effects of doping and this is in support with 
the increase in surface area. More closely stacked rod-like shape are notable in figure 4.6 (D), it is 




Figure 4. 6. Bright field micrograph TEM image for (A) TiO2, (B) Ag-TiO2, (C) V-TiO2, (D) Ag, V-TiO2  
 The High resolution TEM measured lattice spacing of 0.352 nm for anatase, this spacing is in a good 
agreement with the XRD results, refer to Appendix B. The lattice spacing or d spacing of 0.352nm 
was observed in the sample that confirm the formation of anatase phase as shown in figure 4.7, which 






Figure 4. 7. HRTEM image of (a) TiO2, (b) Ag-TiO2, (b) V-TiO2, (d) Ag, V-TiO2 
 
4.3.1.5 Brunauer-Emmett-Teller (BET) 
BET is a surface area analysis; the physical characteristics are important for material analysis. In 
table 4.2 we observe that Ag, V-TiO2 has the highest surface area. This implies that the 
nanocomposite has a larger number of adsorption sites. This has led to the higher adsorption loading 
and faster sorption kinetics. The results obtained here in chapter 4 this far are in direct relation with 
these findings. As the UV-Vis (DRS), XRD pattern, TEM have shown that the nanocomposite yields 
higher activity. Furthermore, the increased surface area is no surprise, as figure 4.6 indicate increases 
in rod-like shaped beads shown in the TEM analysis, due to co-doping effects. The gradual increase 
in surface area is a result of doping TiO2, this effect is seen to increase surface reaction that take 
place on the surface of the photocatalyst. This has allowed for better performances of the 
photocatalyst. The performance of the catalysts has been shown in the result obtained thus far. Hence 




Table 4. 2. Surface area analysis by BET 







4.3.1.6 Raman Spectroscopy  
Powder nanocomposite were analysed by the Raman Spectroscopy, natural TiO2 exists in three 
polymorphs, anatase, rutile, brookite. The tetragonal structure of anatase has two formula units per 
primitive cell, leading to six Raman active phonons in the anatase phase respectively, 3Eg (144, 196, 
639 cm-1), 2B1g (397 and 519 cm
-1), and A1g (513cm
-1). The rutile phase has only four active phases, 
B1g (143cm
-1), Eg (447 cm
-1),  A1g (612 cm
-1) and B2g (826 cm
-1)[76]. Figure 4.8, shows the Raman 
spectra of TiO2 and Ag, V-TiO2, respectively due equipment availability. The XRD results presented 
a well crystallized doped and co-doped TiO2 nanocomposite. In comparison with work done by 
Satyaprakash et al, the observation of their results, among all of the observed Raman peaks, 144 cm-
1 was the most intense peak in the Raman shift[76]. In the Raman analysis of the investigation, it was 
observed that the most intense Raman peak shift was at 150cm-1 with a weak shoulder peaking at 
203cm-1, respectively. In figure 4.8, a slight shift to the right is observed. This shift is another 
indication that a shift to the light spectrum has been achieved. The Raman spectrum exhibits 




Figure 4. 8. The comparison of the Raman spectrum shifts for TiO2 and Ag, V-TiO2  
 
4.3.1.7 X-Ray Photoelectron Spectroscopy (XPS) 
XPS presents the determination of the chemical composition and valance state of the various species 
in the surface region of the co-doped Ag, V-TiO2 photocatalyst. The XPS study illustrated the Scan 
Survey of the photocatalyst shown in figure 4.9. The full scan survey spectrum shows the presence 
of the C1 s, Ag 3d, Ti 2p, V 2p and O 1s peaks, respectively. This confirms the presence of these 
elements on the surface region of the Ag, V TiO2 semiconductor. 
 




The XPS scan survey shows the binding energy peaks for C (carbon), Ti (Titanium), V (Vanadium) 
and O (Oxygen), these values are tabulated in table 4.3. The C 1s core level peaks at 283.09 eV. The 
binding energy peaks at 458.30 and 464.16 eV corresponds to the Ti 2p3/2 and Ti 2p1/2 lines, 
respectively. These binding energy show that the Ti is present in the IV state[77]. Binding energy for 
V 2p and V 2p correspond to 469.51 and 513.14 eV respectively. These peaks depict the presence of 
vanadium on the catalyst surface in the IV state[77]. The O 1s line corresponds to the binding energy 
peaks at 528.03, 536.21 and 560.21 eV, respectively. These peaks show the presence of three type of 
oxygen atoms. 528.03 eV peak corresponds to the Ti bonded oxygen, 560.80 eV peak corresponds 
to the V-O bond and 5536.21 eV peak show the existence of of silver in the sample [9].  
 
Table 4. 3. XPS scan survey binding energy peaks 
SI. no Elements Binding energy (eV) 
1. C 1s 283.09 
2. Ti 2p3/2 458.30 
3. Ti 2p1/2 464.16 
4. V 2p3/2 469.51 
5. V 2p1/2 513.14 
6. O 1s 528.03 
536.21 
560.80 
7. Ag 367.1 
 
Analysing the surface state of Ag, V-TiO2 in figure 4.10 shows the spectrum of Ag 3d. In accordance 
to the literature, each silver species shows two peaks, for Ag 3d5/2 and Ag 3d3/2 in the transition. The 
peaks for bulk metallic silver are usually centred at 368.2 eV and 374.3 eV, while the peak for Ag2O 
are 367.8 eV and 373.8 eV for AgO are 367.4 eV and 373.4 eV[77]. The XPS results of figure 4.10 
show the intensity of peak with Ag loading. The distribution of these peaks are sharp and are shown 
to be symmetry. Double peaks are shown to exist in figure 4.10. The chemical state of Ag is in its 
metallic state that has a large shift to low binding energy level around 367.1 eV, 368.4 eV and 373.1 
eV, 374.5eV in the Ag, V-TiO2 photocatalyst. A significant interaction of the co-doping Ag, V can 





Figure 4. 10. The intensity peak due to Ag loading  
The standard binding energies of Ti 4+ 2p1/2 and Ti4+ 2p3/2 are centred at 458.6 eV and 464.4 eV, 
respectively[77]. The spectra of Ti 2p regions are shown in figure 4.11. The peaks of the Ti in the 
co-doped Ag, V-TiO2 photocatalyst, the peaks are shown to occur at 456.36 eV and 462.11 eV, 
respectively. The peak is symmetry and inferring to no other oxidation state.  
 
 
Figure 4. 11. The Ti 2p peak curve  
Two component peaks are shown in figure 4.12. The O 1s core level spectrum for Ag, V-TiO2 
photocatalyst is shown. The standard binding energies of O2
- and OH- are centred at 530.2 and 532.0 
eV, respectively[77]. The peaks of O2
- and OH- in Ag, V-TiO2 photocatalyst were shifted to lower 




Figure 4. 12. The hydroxyl radical conversion peaks for O2- and OH- under UV irradiation on the surface 
hydroxyl groups.  
 
4.3.2 Photocatalytic Evaluation  
4.3.2.1 Degradation of Refractory Dye Methylene Blue (MB) 
The photocatalytic study of the material was performed by investigating the kinetics of MB 
degradation under visible light irradiation. The MB solutions were exposed to the visible light 
irradiation for a duration of 60mins per sample. A sample was extracted at 15min intervals, 
respectively. The variations in absorption of the MB is shown in figure 4.13 under the visible light 
exposure.  
Furthermore, the photocatalytic degradation rate of MB in the study follows a pseudo-first-order 
kinetic process, expressed by equation 3.5. The kinetic process of the first order reaction is shown in 
table 4.4. The degradation of MB shows TiO2 to exhibit poor photocatalytic effects, with an average 
removal rate of 73.94%. Meanwhile the Ag-TiO2 and V-TiO2 photocatalysts removed MB with an 
average removal rate of 82.54 and 82.10%, respectively. In contrast Ag, V-TiO2 photocatalyst 
exhibited improved photocatalytic activity under the same conditions, with a successful removal rate 
of 99.33% MB degradation in 1hour under visible light irradiation. Ag, V-TiO2 was the best 




Figure 4. 13. Degradation of Methylene blue under solar irradiation  
The Ag,V-TiO2 catalyst shows a relatively higher rate of MB removal as compared to TiO2, Ag-
TiO2, and V-TiO2 by photocatalytic treatment, under a visible light source. The Ag,V-TiO2 
photocatalyst achieves 99.83% degradation within the first 15min. This is a remarkable observation 
for the photocatalytic activity. Ag,V-TiO2 illustrates that a high active photocatalyst has been 
achieved. This observation is in support with the reduced band gap found by the K-M method, the 
high surface area analysis by BET, and the XRD plane intensity ratio (1 0 1/ 1 1 0). The preparation 
of Ag,V-TiO2 remained the best photocatalyst throughout the study and this is once more shown in 
the activity test analysis for removal of MB as a model pollutant. 
       
Table 4. 4. Degradation efficiency of MB under visible light irradiation 
 Eff (%) in 
15min 
Eff (%) in 
30min 
Eff (%) in 
45min 





TiO2 13.72 86.78 97.00 98.25 73.94 
Ag-TiO2 35.41 96.76 98.25 99.75 82.54 
V-TiO2 40.65 93.52 96.76 97.51 82.10 




Figure 4.14 illustrates the kinetic comparison of the pseudo-first order reaction. The straight line best 
fit was used to plot the graph. High reaction rate is seen in the Ag, V-TiO2.  
 
 
Figure 4. 14. Kinetic comparison of the pseudo-first order reaction 
The enhanced photocatalytic performance of the Ag, V-TiO2 rod-like nanocomposite can be 
attributed to an efficient photo induce structure. This structure can be seen as the electron-hole pair 
separation in the reaction system. The shift of light absorption to the visible region helps in utilizing 
visible light for the activity of photocatalyst.   In addition, the larger surface area leads to the higher 
light harvesting which effectively enhances the photocatalytic activity of Ag, V-TiO2 nanocomposite. 
In this case, the photogenerated electron-hole pairs can easily be transferred to the surface for 
photocatalysis[78].  Ag could also contribute in the photocatalytic activity due to its surface Plasmon 
Resonance (SPR) Property. This is seen to be promoted by effective storage and transportation of 
excited electrons. This in turn enhances the lifetime of charge carriers by avoiding 
recombination[78]. 
 
4.3.3 Water Treatment Analysis  
4.3.3.1 Genesys 10S Ultra Violet- Visible (UV-Vis) Spectrometer Analysis  
In accordance to section 3.9.2, the classes of testing were classed into three categories. Class one 
presents testing before treatment. The water properties are evaluated for each sample. Each sample 
contains different pollutants that exist in the water sample. Specific wavelengths were set on the 
Genesys 10S (UV-Vis) Spectrometer analysis. These setting give a definition for the absorbance of 
each compound as follows: 
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 214 nm – indicative of nitrate and nitrate  
 254 nm – indicative of humic substances and aromatics 
 275 nm – indicative of Trihalomethane (THM) formation 
300 nm – standard indicator for organic concentration commonly used by water treatment 
plants. The readings before and after treatment of the water samples give a clear indication of 
whether or not the photocatalysts were successful in removing pollutants, in the water under a 
visible light driven source. Table 4.5, 4.6, 4.7, and 4.8 tabulates the results for the water analysis 
by EC meter and UV-Vis spectroscopy.  
The synthesized photocatalysts were successful in the removal of pollutants from wastewater sample 
from Mpumalanga (Ezinambeni) as presented in Table 4.5. Water quality evaluation results shows 
pH of treated wastewater increases with V-TioO2 having the highest pH of 9.36, this was due to the 
pH of ammonium metavanadate (NH4VO3) used in the synthesis of V-TiO2. EC also shows increase 
after treatment with TiO2 having the highest value of 0.79 and 8.94. TDS shows a slight increase 
from 0.35 before treatment to 0.37 after treatment with co-doped Ag/V-TiO2 and a constant value of 
0.39 for others. Removal of nitrate and nitrate indicative at 214nm shows decrease from 0.678A of 
untreated wastewater, with co-doped Ag/V-TiO2 having the lowest absorbance of 0.338A, indicating 
a reduction of nitrate and nitrite pollutant in the wastewater. Ag-TiO2 photocatalysts shows the most 
effective in the removal of humic substances, aromatics and Trihalomethane (THM), having the 
lowest absorbance of 0.112A at 245nm and 0.089A at 272nm. For removal of organic concentration 
commonly used by water treatment plants, V-TiO2 was the most effective having the lowest 
absobance of 0.089A 
 
Table 4. 5. Water sample readings from Mpumalanga (Ezinambeni) at a Temperature of 20.3°C 
Before Treatment 
 EC Meter   UV-Vis Spectroscopy   
 pH EC 
(ms/l) 
TDS (ppm) 214nm 254nm 272nm 300nm 
Sample 1 7.78 0.70 0.35 0.678A 0.356A 0.321A 0.295A 
After Treatment  
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 pH EC 
(ms/l) 
TDS (ppm) 214nm 254nm 272nm 300nm 
TiO2 8.58 0.79 0.39 0.547A 0.206A 0.176A 0.094A 
Ag-TiO2 9.06 0.78 0.39 0.442A 0.112A 0.089A 0.133A 
V-TiO2 9.36 0.78 0.39 0.560A 0.187A 0.165A 0.089A 
Ag/V-
TiO2 
9.13 0.74 0.37 0.338A 0.242A 0.225A 0.122A 
 
 
Figure 4. 15. Before and After photocatalytic treatment analysis for water sample from Mpumalanga 
(Ezinabeni) using a UV-Vis Spectrophotometer at different wavelength.  
Water quality evaluation before and after treatment of wastewater from Lepelle River Limpopo 
(Mathibeng) as shown in Table 4.6, indicates that pH increases with V-TiO2 having the highest 
pH after treatment. EC shows decrease after treatment with TiO2 having the lowest absorbance 
value of 1.21 while TDS shows a slight increase from 0.89 before treatment to 0.58 after 
treatment with TiO2.  
Nitrate and nitrate removal indicative at 214nm shows synthesized photocatalysts was 
ineffective as seen in Table 4.6 and Figure 4.16, while TiO2, photocatalysts shows the most 
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effective in the removal of humic substances, aromatics, Trihalomethane (THM) and organic 
concentration commonly used by water treatment plants after treatment. 
 
 
Table 4. 6. River water reading from Lepelle River Limpopo (Mathibeng) at a temperature of 20.3°C 
Before Treatment 
 EC meter  UV-Vis Spectroscopy  
 pH EC 
(ms/l) 
TDS 214nm 254nm 272nm 300nm 
Sample 2 8.16 1.74 0.89 2.969A 1.569A 0.456A 0.225A 
After Treatment 
 pH EC 
(ms/l) 
TDS 214nm 254nm 272nm 300nm 
TiO2 8.52 1.21 0.58 2.981A 0.057A 0.041A 0.031A 
Ag-TiO2 8.52 1.64 0.82 2.957A 0.099A 0.078A 0.134A 
V-TiO2 9.11 1.52 0.76 3.045A 0.165A 0.148A 0.089A 





Figure 4. 16. Before and after photocatalytic treatment analysis of water sample from Lepelle River Limpopo 
(Mathibeng) using a UV-Vis Spectrophotometer at different wavelength.  Water quality evaluation results 
are presented in Table 4.7 and Figure 4.17. Treated water pH increases with V-TiO2 having the 
highest pH of 9.17. EC and TDS shows decrease after treatment with TiO2 having the lowest value 
of 0.74 and 0.37.  
In conclusion, the synthesized photocatalysts were successful in the removal of humic substances, 
aromatics, Trihalomethane (THM) and organic concentration commonly used by water treatment 
plants after treatment from water sample source from Local bore-hole water from the (Mathibeng). 
As indicated in Table 4.7, with co-doped Ag,V-TiO2 as the most effective photocatalysts indicating 
an almost total removal of these pollutant. 
Table 4. 7. Local bore-hole water readings from Limpopo (Mathibeng) community Limpopo at a 
temperature of 20.3°C   
Before Treatment 
 EC meter  UV-Vis Spectroscopy 
 pH EC TDS 214nm 254nm 272nm 300nm 
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Sample 3 8.10 2.12 1.06 3.69A 3.788A 3.755A 0.862A 
After Treatment 
 pH EC TDS 214nm 254nm 272nm 300nm 
TiO2 8.80 0.74 0.37 2.98A 1.832A 2.554A 0.862A 
Ag-TiO2 8.65 0.88 0.39 2.715A 0.123A 0.114A 0.065A 
V-TiO2 9.17 1.00 0.50 2.925A 0.26A 0.251A 0.14A 
Ag, V-TiO2 9.08 0.98 0.47 2.609A 0.008A 0.005A 0.004A 
 
 
Figure 4. 17. Before and after photocatalytic treatment analysis for water sample from the local borehole 
Limpopo (Mathibeng) using a UV-Vis Spectrophotometer at different wavelength.   
 
4.3.3.2 Gas Chromatography- Mass Spectrometry (GC-MS) Analysis 
 
Qualitative analysis of the water samples from Mpumalanga (Ezinambeni) and Lepelle River 
Limpopo (Mathibeng), were analysed using Gas Chromatography coupled Mass Spectrometer (GC-
MS). The GC-MS analysis is shown in Figure 4.19 and 4.20, respectively. Organic contaminants 
detected from these rivers originated from sources such as food, pharmaceutical intake and excretion, 
cleaning and personal care products, furniture, building materials, floor treatments, industrial 




Figure 4. 18. Chromatograms of water sample from Mpumalanga (Ezinambeni) before treatment 
 
Figure 4. 19. Chromatograms of water sample from River water Limpopo (Mathibeng) before treatment 
The presence of forty seven (47) compounds were detected in the water sample collected from surface 
water from Mpumalanga (Ezinambeni), while forty four (44) compounds were detected from the 
Lepelle River water sample from Limpopo (Mathibeng) as shown in Figure 4.19 and 4.20, 
respectively. The name, molecular weight, retention (R) time and peak area percentage of each 
compound was ascertained and presented in Tables 4.9 and 4.10, respectively.  It reveals that oxime-
methoxy-phenyl, Benzene 1-[dimethoxymethyl]-4-[1-methyl], Z,Z-8,10-Hexadecadien-1-ol, 
Eicosanoic acid,2,3-bis[trimethylsilyl], Methyl4-Acetylhydroxypala, Cyclotrisiloxane, hexamethyl- 
(CAS), Benzaldehyde 2 5-bis [(trimethylsilyl) oxy] were found as the major compounds in each 
water sample, while others were minor compounds.  
 













3.321 4.52 Oxime-,methoxy-phenyl C8H9NO2 151.16  
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4.343 19.38 Benzene,1-[dimethoxymethyl]-4-[1-methyl] C10H10 130.19  
4.682 1.62 Cyclotetrasiloxane,octamethyl-[CAS] C8H24O4Si4 296.61  
5.775 6.85 Benzaldehyde,2,5-bis[(trimethylsilyl)oxy] C13H22O3Si2 282.48  
6.045 0.27 2H-1,4-Benzodiazepin-2-one,7-chloro-1 C18H17ClN2O 312.80 
6.119 1.39 3-lsopropoxy-1,1,1,5,5,5-hexamethyl-3 C12H34O4Si4 354.74  
6.919 0.69 3,3,5-Triethoxy-1,1,1,7,7,7-hexamethyl-5 C15H42O7Si5 474.91  
7.452 0.39 1,4-bis[(trimethylsilyl)ethynyl]tetrafluoro C16H18F 342.48 
7.493 0.28 Cyclohexasiloxane,Dodecane C10H30O5Si5 370.77 
8.723 0.27 3-Butoxy-,1,1,1,7,7,7-hexamethyl-3,5,5 C19H54O7Si7 591.20 
12.270 0.49 13-Hexyloxacyclotridec-10-en-2-one C18H32O2 280.40 
12.330 0.47 9,12-Octadecadienoic acid(Z,Z)-,methyl C18H32O2 280.40  
12.680 4.08 Z,Z-8,10-Hexadecadien-1-ol C16H30O 238.41  
12.730 1.10 1-(1H-lmidazo-2-yl)-ethanone C10H10N2O 174.20  
12.790 1.96 Ethanone,1-(4-methyl-1H-lmidazol-2-yl) C6H8N2O 124.14  
12.840 2.57 Pyrrole-2,3,4-trione,N-cyclohexyl-3-trim C8H5NO8 243.13  
12.990 5.28 2-Butenoic acid ,2-methyl-4,5,6,6a,7,10 C20H26O4 330.40  
13.034 3.24 Hexadecanoic acid,1-(hydroxymethyl)-1 C35H68O5 568.90  
13.090 1.69 Benzene,1(4-pentyl[1,1-bicyclohexy] C12H18 162.27  
13.150 4.04 Eicosanoic acid,2,3-bis[trimethylsilyl] C29H62O4Si2 531.00 
13.265 10.48 Methyl4-Acetylhydroxypala C10H11NO4 209.20  
13.435 2.88 Nipecotamide C6H12N2O 128.17  
13.490 1.38 Decanedioic acid(CAS) C10H18O4 202.25  
13.535 3.51 Cyclohexanecarboxylic acid,heptyl ester C14H26O2 226.35  
13.684 2.17 4,4-Dimethyl-4-Silacyclopente C13H28 184.36  
13.725 0.91 5-Isoxazolidinecarboxylic acid,3,3,5-trim C3H3N3O2 113.08 
13.760 0.90 Nonanoyl chloride[CAS] C9H17ClO 113.08  
13.815 1.04 Levo-menthoxyacetic acid C12H22O3 214.30  
13.870 0.73 2-(2-Nitro-2-propenyl)-1-cyclohexanone C15H17NO3 259.30  
13.950 1.51 Butyl9-octadecenoate or 9-18:1 C22H42O2 338.60  
14.070 0.72 Triacontyl acetate C32H64O2 480.80  
14.207 2.31 1,3,5-Trisilacyclohexane C3H6Si3 126.33  
15.026 0.48 Olean-12-en-28-al C32H52S2 500.90  
15.425 1.37 16-Trimethylsilyloxy-9-octadecenoic acid C24H50O3Si2 442.80  
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15.480 0.70 Furan,2-Ethytetrahydro-5 C6H12O 100.16 
15.578 2.33 1H-lndole-3-acetic acid[CAS] C10H9NO2 175.18  
15.705 0.32 Thiosulfuric acid(H2S2O3),S-2(amino) C2H6NNaO3S2 179.20  
16.482 0.41 Lucenin 2 C27H30O16 610.50  
16.570 0.33 6,10-Dimethyl-4-undercanol C13H22O 194.31  
16.693 0.81 Cis-9-Octadecenoic acid propyl ester C21H40O2 324.50  
17.650 0.29 Cyclohexane,(1-butylhexane)- C10H20 140.27  
17.735 0.32 Decanoic acid[CAS] C10H20O2 172.26 
20.845 0.49 [1,1-Bicyclopropyl]-2-octanoic acid,2 C21H38O2 322.50  
21.215 0.27 2,4-Dibutyl-1,3-Cyclohexanedi C8H12O2 140.18 
22.180 0.57 Cyclohexanone,2-(3-Oxobuty) C10H16O2 168.23  
22.455 0.30 Docosanoic acid,1,2,3-propanetriyl ester C69H134O6 1059.80  
 
 














3.311 1.23 Disiloxane, 1,3-diethoxy-1,1,3,3-tetramethyl C8H22O3Si2 222.43 
3.462 1.07 Benzoic acid, 2-amino-4-methyl- C8H9NO2 151.16 
3.838 11.11 Oxime- methoxy-phenyl C8H9NO2 151.16 
4.335 22.93 Benzene, 1-(dimethoxymethyl)-4-(1-methyl C11H16 148.25 
4.672 2.18 Cyclotetrasiloxane, octamethyl- (CAS) C8H24O4Si4 296.61 
5.495 9.02 Cyclotrisiloxane, hexamethyl- (CAS) C6H18O3Si3 222.46 
5.766 16.00 Benzaldehyde, 2,5-bis{(trimethylsilyl)oxy} C13H22O3Si2 282.48 
6.040 0.40 Phosphonoacetic acid, 3TMS derivative C11H29O5PSi3 356.57 
6.109 1.48  Cyclpentasiloxane, decamethyl- (CAS) C10H30O5Si5 370.77 
6.772 2.37  Cyclotetrasiloxane, octamethyl- (CAS) C8H24O4Si4 296.61 
6.907 2.52  3,3,5-triethoxy-1,1,1,7,7,7-hexamethyl-5- C15H42O7Si5 474.91 
7.133 0.14  1,7-Di(3-ethylphenyl)-2,2,4,4,6,6-hexamethyl C22H36O4Si3 448.78 
7.443 0.43  1,4-bis(trimethylsilyl)ethynyl)tetrafluoro C16H18F4Si2 342.48 
7.602 0.13  3,3,5-Triethoxy-1,1,1,7,7,7,-hexamethyl-5- C15H42O7Si5 474.91 
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7.807 0.40  Didehydro-7-{(trimethylsilyl)oxy*}-9-keto C11H20N4OSi2 280.47 
7.961 0.53  Alternariol monomethyl ether, 2TMS derivative C15H12O5 272.30 
8.053 0.42  3,5-Diisopropoxy-1,1,1,7,7,7-hexamethyl- C18H50O7Si6 547.10 
8.270 0.17  15-Hydroxy-7-oxodehydroabietic acid, C20H26O4 330.40 
8.639 0.19  Tetrasiloxane, 3,5-diethoxy-1,1,1,7,7,7-he C16H46O7Si6 519.05 
8.686 0.45  Silane, tetramethyl-(CAS) C4H12Si  88.22 
8.851 0.16  Dimethyl 19-oxo-10{trimethylsilyloxyde C5H16OSi2 150.36 
9.070 0.12  Cyclohexasiloxane, dodecamethyl- C12H36O6Si6 444.92 
10.601 0.26  Tetradecanoic acid (CAS) C14H28O2 228.37 
11.650 0.81  9-Octadecanoic acid (Z)- (CAS) C18H34O2 282.50 
11.700 0.15  Hexanoic acid, 10-undecen-1-yl ester C17H32O2 268.44 
12.310 0.15  Cyclopropaneoctanoic acid, 2-{{2-{(2-ethyl C22H38O2 334.50 
12.520 0.28  9,12-Octadecadienoic acid, methyl ester C19H34O2 294.50 
12.655 1.41  Z,Z-8,10-Hexadecadien-1-ol C16H30O 238.41 
12.715 0.81  E-8-Methyl-7-dodecen-1-ol acetate C15H28O2 240.38 
12.835 1.68  3,5-Dimethyl-1-dimethylsilyloxycyclohexane C6H9OSi(CH3)3 170.32 
13.028 3.11  Hexadecanoic acid, 1-(hydroxymethyl)-1 C6H9OSi(CH3)3 568.91 
13.149 2.17  1H-Indole-3-acetic acid (CAS) C10H8NO2- 174.18 
13.260 3.34  9-octadecenoic acid, methyl ester, (E)-(CAS) C19H36O2 296.50 
13.440 2.42  Acetic acid, 2-ethylhexyl ester (CAS) C10H20O2 172.26 
13.670 1.06  Glycidyl oleate C21H38O3 338.50 
13.820 0.71  Octadecanoic acid (CAS) C18H36O2 284.50  
13.950 0.80  Undec-10-ynoic, hexyl ester C17H30O2 266.40 
14.070 0.37  Hexadecanoic acid, 2-hydroxy-1-(hydroxyl) C19H38O4 330.50 
14.203 0.68  Octadecanoic acid, 3-oxo-, ethyl ester C20H38O3 326.50 
15.420 0.64  1-Cyclohexyldimethylsilyloxybutane C12H26OSi 214.42 
15.576 0.80  1,3,5-Trisilacyclohexane C3H6Si3 126.33 
16.475 0.26  Dodecane, 1,1,2-dibromo- C10H20Br2 300.07 
16.682 0.37  Olean-12-ene-3,28-diol, (3.beta)- (CAS) C30H50O2 442.70  
 
The Materials Safety Data Sheet (MSDS) attached in appendix [] reveals the toxicities and effects of 
each compound on human life and the environment. The peaks with the higher area peak percentage 
are of interest and more relevant for the study. The comparison dwells into the removal efficiency of 
the co-doped Ag, V-TiO2 nanocomposite under visible light irradiation.   
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After treatment of the water samples using a synthesized co-doped Ag, V-TiO2 nanocomposite under 
visible light irradiation. It is shown that the removal of some contaminates was achieved and 
observed as shown in figures 4.21 and 4.22, respectively. Table 4.11 and 4.12 illustrates the 
compounds identified in the water samples after treatment. It is notably from figure 4.21 and 4.22 
that the treatment has removed some compounds from the water samples. 
In comparison from figures 4.21 and 4.22, it is seen that the Ag, V-TiO2 catalyst was more effective 
in removing compounds in the Limpopo River (Mathibeng) sample. Some degree of removal was 
achieved the removal of compounds in the Mpumalanga (Ezinambeni) sample as shown in figure 
4.22. Nevertheless, not all compounds were effectively removed as compared to the Limpopo River 
sample. A more detailed analysis is given in table 4.11 and 4.12 to identify the compounds in the 
water samples after treatment.  
Table 4.11 identifies compounds above an area peak percentage of two, as a result Benzene, 1-
[dimethoxymethyl]-4-[1-methyl], Hexadecanoic acid, 2-hydroxy-1, 3-propane and Isochiapin B%2< 
have been identified has compounds with the highest area percentage peaks. Furthermore table 4.12 
identifies Methyl stearate, 9-Octadecenoic acid [Z]-[CAS], Tridecanoic acid, 2-ethyl-2-methyl, ethyl 
ester, Octadecanoic acid, 2,3-dihydroxypropyl ester, Cyclohexyl hexanoate, Silcone oil, and 
Heaxadecanoic acid, 2,3-bis[trimethylsilyl] to exhibit high area percentage peaks. Some compounds 
identified in table 4.11 and 4.12 seized not to exist in compounds identified in table 4.9 and 4.10. 
This result could be a result of oxidation and reduction of compounds during treatment, converting 
into other compounds.  
 





Figure 4. 21. Chromatograms of water sample from River water Limpopo (Mathibeng) after treatment 
    
Table 4.11 and 4.12 identifies the compounds in the water samples from Mpumalanga and Limpopo. 
It can be seen from both figure 4.21 and 4.22 that the Ag, V co-doped TiO2 photocatalyst was 
successful in removing a variety of pollutants from the water samples. Some compounds existed after 
treatment which resulted in 21 compounds existing after treatment for the water sample from 
Mpumalanga. Initially with 47 compounds existing before treatment. Furthermore, 16 compounds 
exist in the water sample from Limpopo, which initially compromised of 44 compounds before 
treatment. The photocatalyst was successful in removing more than half of the compounds that 
existed in the water sample during treatment under a visible light irradiation.     
After treatment of water samples using the synthesised co-doped Ag, V-TiO2 nanocomposite, the 
removal efficiency of some toxic contaminates were observed as shown in table 4.13 and 4.14. The 
removal efficiencies were calculated using the following equation[79].  
 
𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐴𝑟𝑒𝑎% 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡−𝐴𝑟𝑒𝑎% 𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 
𝐴𝑟𝑒𝑎 % 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 
× 100   (4.2) 
 
Table 4. 10. Removal efficiencies of compounds identified in water sample from Mpumalanga (Ezinambeni)  







Benzene,1-[dimethoxymethyl]-4-[1-methyl] 19.39 6.36 67.19 
Cyclotetrasiloxane,octamethyl 01.35 0.47 65.19 
Benzaldehyde,2,5-bis[(trimethylsilyl)oxy] 06.85 2.57 62.48 
Eicosanoic acid,2,3-bis[trimethylsilyl] 04.04 1.69 58.17 
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Oxime-,methoxy-phenyl 03.98 2.25 43.47 
1,3,5-Trisilacyclohexane 02.31 2.10 09.09 
 
Table 4. 11. Removal efficiencies of compound identified in treated River water sample from Limpopo 
Lepelle River (Mathibeng)  







9-octadecenoic acid, methyl ester 03.34 0.74 77.84 
1H-Indole-3-acetic acid  02.17 1.21 44.24 
 
4.4 Chapter summary  
 
This chapter presented the results and the discussion of all experimental producers untaken in the 
investigation. Characterization results for synthesized nano photocatalyst, effect of doping on the 
photocatalytic activity and evaluation of photocatalytic degradation of pollutants in water was 




Conclusion and Recommendations 
5.1 Conclusion 
A visible light driven photocatalyst TiO2, Ag-TiO2, V-TiO2, and co-doped Ag,V-TiO2 that eliminate 
pollutants in waste was successfully, synthesized using a sol-gel hydrothermal method. XRD pattern 
shows a combination of anatase and rutile phases. The plane intensity ratio of each catalyst increases 
as the composition of the photocatalyst changes due to doping, with co-doped Ag,V-TiO2 showing 
the highest plane intensity ratio. XPS confirm the presence of the elements and shows the various 
binding energy peaks for C, Ti, V and O. SEM image shows the formation of a regular cluster 
composed of rod-like aggregated particles of uniform diameter, depicting closely stacked rod-like 
shaped heads. TEM image also reveals that the particles were roughly rod-like shaped, with a particle 
size distribution range between 5 to about 15 nm. Co-doping increases in the number of particles on 
the surface of the catalyst as observed from the TEM analysis. SBET specific surface areas was found 
to be 84.8 m2g-1 for TiO2, 101.3m
2g-1 for Ag-TiO2, 102.8 m
2g-1 for V-TiO2 and 110.0 m
2g-1 for Ag, 
V-TiO2 respectively, indicating an increase in surface area after doping. UV-Vis DRS was use to 
characterise the electronic and optical properties of each photocatalyst. Co- doping of TiO2 with 
AgNO3 and NH4VO3 shows variation in the band gap narrowing and a shift in spectrum to visible 
light region, this behaviour resulted in enhancements in the photocatalytic activity of the catalyst. 
Result obtained are evident that doping TiO2 with Ag, V had attributes in narrowing the band gap, 
and achieving a well reduced electron-hole recombination.  
The photocatalytic evaluation of synthesized photocatalysts was performed by investigating the 
kinetic degradation of Methylene blue (MB) solution under visible light irradiation. Co-doped Ag, 
V-TiO2, shows significant improvement in the degradation under visible light irradiation compared 
to TiO2, Ag-TiO2, and V-TiO2 with a successful removal rate of 99.33%. The degradation of MB 
followed the pseudo-first-order kinetic process. 
The photocatalytic evaluation of the each synthesized photocatalysts on water quality evaluation after 
treatment of water samples collected from river Mpumalanga (Ezinambeni), Lepelle River Limpopo 
(Mathibeng), local borehole water from the (Mathibeng) community Limpopo were conducted. The 
evaluation of photocatalytic degradation of pollutants in water from river Mpumalanga (Ezinambeni) 
and local borehole water from the (Mathibeng) community Limpopo, indicate that synthesized 
photocatalysts was effective in the removal of nitrate and nitrite, humic substances and aromatics, 
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Trihalomethane (THM) and organic concentrates. Lepelle River Limpopo (Mathibeng) analysis 
shows that removal of humic substances, aromatics, Trihalomethane (THM) and organic 
concentrates was effective, while no removal was recorded for nitrate and nitrite.  
GC-MS analysis of water samples from river Mpumalanga (Ezinambeni), and Lepelle River 
Limpopo (Mathibeng) using co-doped Ag, V-TiO2 reveals removal of some organic pollutant with 
removal efficiency of 77.84%.   
The finding reveals that the water from river Mpumalanga (Ezinambeni), and Lepelle River Limpopo 
(Mathibeng) were polluted with different organic matters and the synthesized photocatalyst were 
effective to eliminate these pollutants within 1 hours by 77.84 percent. This proves the potential of 
this photocatlysts to scale up for the practical application for the treatment of surface water treatment 
in Mpumalanga and Limpopo, South Africa.  
 
5.2 Recommendations  
 
Further studies on immobilizing of the photocatalyst, optimization of the efficiency of the 
synthesized photocatalysts at different concentration, pH, dosage in water for 100% pollutants 
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